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SHE Engineering Experiment Station was established by act
of the Board of Trustees of the University of Illinois on De-
cember 8, 1903. It is the purpose of the Station to conduct
investigations and make studies of importance to the engineering,
manufacturing, railway, mining, and other industrial interests of the
State.
The management of the Engineering Experiment Station is vested
in an Executive Staff composed of the Director and his Assistant, the
Heads of the several Departments in the College of Engineering, and
the Professor of Chemical Engineering. This Staff is responsible for
the establishment of general policies governing the work of the Station,
including the approval of material for publication. All members of
the teaching staff of the College are encouraged to engage in scientific
research, either directly or in coSperation with the Research Corps,
composed of full-time research assistants, research graduate assistants,
and special investigators.
To render the results of its scientific investigations available to
the public, the Engineering Experiment Station publishes and dis-
tributes a series of bulletins. Occasionally it publishes circulars of
timely interest, presenting information of importance, compiled from
various sources which may not readily be accessible to the clientele
of the Station, and reprints of articles appearing in the technical press
written by members of the staff and others.
The volume and number at the top of the front cover page are
merely arbitrary numbers and refer to the general publications of the
University. Above the title on the cover is given the number of the
Engineering Experiment Station bulletin, circular, or reprint which
should be used in referring to these publications.
For copies of publications or for other information address
THi ENGINEERING EXSERIMENT STATION,
UNIVESITY OF ILLINOIS,
URBANA, ILLINOIS
UNIVERSITY OF ILLINOIS
ENGINEERING EXPERIMENT STATION
BULLETIN SERIES No. 321
SUMMER COOLING IN THE RESEARCH RESI-
DENCE WITH A CONDENSING UNIT
OPERATED AT TWO CAPACITIES
A REPORT OF AN INVESTIGATION
CONDUCTED BY
THE ENGINEERING EXPERIMENT STATION
UNIVERSITY OF ILLINOIS
IN COOPERATION WITH
THE AMERICAN SOCIETY OF HEATING AND
VENTILATING ENGINEERS
AND
THE NATIONAL WARM-AIR HEATING AND AIR-
CONDITIONING ASSOCIATION
BY
ALONZO P. KRATZ
RESEARCH PROFESSOR OF MECHANICAL ENGINEERING
SEICHI KONZO
SPECIAL RESEARCH ASSISTANT PROFESSOR OF MECHANICAL ENGINEERING
MAURICE K. FAHNESTOCK
RESEARCH ASSISTANT PROFESSOR OF MECHANICAL ENGINEERING
EDWIN L. BRODERICK
RESEARCH ASSISTANT IN MECHANICAL ENGINEERING
PUBLISHED BY THE UNIVERSITY OF ILLINOIS
PRICE: SEVENTY CENTS
UNIVERSITI
5000-2-40-18250 OF LLINOIs
IP .IKs· H
CONTENTS
PAGE
I. INTRODUCTION . . . . . . . . . . . . 7
1. Preliminary Statement . . . . . . . . 7
2. Acknowledgments . . . . . . . . . . 8
3. Objects and Scope of Investigation . . . . . 9
II. DESCRIPTION OF PLANT AND APPARATUS . . . . . 10
4. Research Residence . . . . . . . . . 10
5. Forced-Air System . . . . . . . . . 11
6. Cooling Plant . . . . . . . . . . . 12
7. Instruments and Apparatus . . . . . . . 14
8. Heat-Flow Meter . . . . . . . . . . 15
III. TEST PROCEDURE . . . . . . . . . . . . 16
9. General. . . . . . . . . . . . . 16
10. Operation of Cooling Plant . . . . . . . 17
11. Heat-Flow Meter . . . . . . . . . . 22
IV. RESULTS OF TESTS WITH SIMULTANEOUS COOLING ON
BOTH STORIES. (SERIES 1-37 AND 1-38) . . . . 22
12. General Conditions . . . . . . . . . 22
13. Operating Characteristics . . . . . . . 24
14. Limitations in Cooling Capacity . . . . . 26
15. Total Cooling Load per Day . . . . . . . 34
16. Summary and Conclusions . . . . . . . 34
V. RESULTS OF TESTS WITH COOLING ON FIRST STORY
DURING THE DAY AND ON SECOND STORY AT NIGHT.
(SERIES 2-37) .. . . . . ..... 35
17. General Conditions . . . . . . . . . 35
18. Operating Characteristics . . . . . . . 36
19. Summary and Conclusions . . . . . . . 39
VI. RESULTS OF TESTS WITH COOLING ON SECOND STORY ONLY 39
20. Operating Characteristics with Small-Capacity
Unit. (Series 2-38) . . . . . . . . 39
21. Operating Characteristics with Large-Capacity
Unit. (Series 4-38) . . . . . . . . 41
22. Rate of Reduction in Temperature. (Series 3-38) . 43
23. Summary and Conclusions . . . . . . . 47
3
4 CONTENTS (CONCLUDED)
PAGE
VII. RESULTS OF STUDIES ON HEAT FLOW THROUGH WALLS . 47
24. General Conditions . . . . . . . . . 47
25. Heat Transmission Through Uninsulated Wall
Section . . . . . . . . . . . . 51
26. Heat Transmission Through Insulated Wall Section 53
27. Temperature Gradients Through Walls . . . 55
28. Summary and Conclusions . . . . . . . 56
VIII. AIR QUANTITIES AS RELATED TO REGISTER AIR
TEMPERATURES . . . . . . . . . . . 57
29. Calculation of Air Quantities . . . . . . . 57
30. Relationship Between Air Quantities for Summer
and Winter Requirements . . . . . . 59
APPENDIX. DATA AND RESULTS FOR TESTS MADE DURING
SUMMERS OF 1937 AND 1938 . . . . . . . 65
LIST OF FIGURES
NO. PAGE
1. Warm-Air Heating Research Residence . . . . . . . . . . . 10
2. Diagram of Cooling Plant with Mechanical Refrigeration . . . . . 12
3. Heat-Flow Meter Installation on North Wall . . . . . . . . . 16
4. Graphic Log of Air Temperatures, Relative Humidities, and Cooling Load.
Test No. 25, Series 1-37, September 1, 1937. Capacity 18 000 B.t.u.
per hr., cooled air to both stories . . . . . . . . . . . . 23
5. Graphic Log of Air Temperatures, Relative Humidities, and Cooling Load.
Test No. 2, Series 1-38, June 23, 1938. Capacity 18 000 B.t.u. per hr.,
cooled air to both stories . . . . . . . . . . . . . . 26
6. Effect of Outdoor Temperatures and Method of Operation on Maximum
Indoor Temperatures . . . . . . . . . . . . . .. . 28
7. Frequency of Occurrence of Days Having Stated Daily Median Temper-
atures . . . . . . . . . . . . . . . . . . . 32
8. Heat Absorbed by Cooling Coil per Day. Series 1-38. Capacity 18 000
B.t.u. per hr., cooled air to both stories .. . . . . . . . . 34
9. Graphic Log of Air Temperatures, Relative Humidities, and Cooling Load.
Test No. 19, Series 2-37, August 17, 1937. Capacity 18 000 B.t.u. per
hr., cooled air to first story until 6:30 P.M. and to second story
after 6:30 P.M. . . . . . . . . . . . . . . . . . 36
10. Graphic Log of Air Temperatures, Relative Humidities, and Cooling Load.
Test No. 34, Series 2-38, August 2, 1938. Capacity 18 000 B.t.u. per
hr., cooled air to second story only . . . . . . . . .. .40
11. Graphic Log of Air Temperatures, Relative Humidities, and Cooling Load.
Test No. 46, Series 4-38, August 23, 1938. Capacity 30 000 B.t.u. per
hr., cooled air to second story only . . . . . . . . . . . 42
12. Graphic Log of Air Temperatures, Relative Humidities, and Cooling Load.
Test No. 40, Series 3a-38, August 9, 1938. Capacity 30 000 B.t.u. per
hr., cooled air to second story after 6:30 P.M. . . . . . . . 44
13. Rate of Cooling of Second Story . . . . . ... . . . . . .45
14. Graphic Log of Temperatures and Heat Flow for Uninsulated North and
West Wall Sections, August 13, 1937. . . . . . . . . . . 46
15. Graphic Log of Temperatures and Heat Flow for Uninsulated and Insulated
Wall Sections, August 16, 1937 and July 11, 1938 . . . . . . 48
16. Average Values of Times at Which Maximum Temperatures Were Attained
in Uninsulated Wall Sections . . . . . . . . . . ... .49
17. Heat Flow Through Uninsulated North and West Wall Sections, August 13,
1937 . . . . . . . . . . . . . . . . . . . . 50
18. Maximum Rate and Total Heat Transmitted per Day Through Uninsulated
and Insulated Wall Sections; West Wall, Seasons of 1937 and 1938 . . 52
19. Temperature Gradients Through Uninsulated and Insulated Wall Sections
at Different Times of the Day; West Wall, Seasons of 1937 and 1938 . 56
20. Coefficients for Calculation of Air Volume for Winter Requirements . 58
21. Coefficients for Calculation of Air Volume for Summer Requirements . 59
22. Air Volume Requirements for Various Register Air Temperatures . . .60
23. Summer and Winter Register Air Temperatures with Equal Volumes of
Air Recirculated . . . . . . . . . . .. . . . . 62
LIST OF TABLES
NO. PAGE
1. Air Delivery by Fan . . . . . . . . .. . . . . . . 14
2. Typical Operating Data and Results... . . . . . . . . 20
3. Seasonal Weather Data . . . . . . . . . . . 22
4. Number of Days with Stated Median Outdoor Temperatures . . .. 30
5. Data and Results for Tests Made During Summer of 1937 .. . . . 66
6. Data and Results for Tests Made During Summer of 1938 . . . .. 68
SUMMER COOLING IN THE RESEARCH RESIDENCE
WITH A CONDENSING UNIT OPERATED
AT TWO CAPACITIES
I. INTRODUCTION
1. Preliminary Statement.-This bulletin is a report of the results
of an investigation conducted under the terms of cooperative agree-
ments between the National Warm-Air Heating and Air Conditioning
Association, the American Society of Heating and Ventilating Engi-
neers and the University of Illinois, providing for investigations of
warm-air furnaces and furnace systems, and investigations of general
problems in heating, ventilating and air conditioning. The agree-
ment with the National Warm-Air Heating and Air Conditioning
Association was formally approved in August, 1918, and that with
the American Society of Heating and Ventilating Engineers in
April, 1931.
The studies of summer cooling in the Research Residence con-
ducted during the seasons of 1932, 1933, and 1934 have been pub-
lished in Bulletin 290* of the Engineering Experiment Station, and
those obtained during the seasons of 1935 and 1936 in Bulletin 305.1
The results obtained during the seasons of 1937 and 1938 are included
in this third bulletin.
The cooperating associations have been represented by Advisory
Committees, the personnel of which changes somewhat from year to
year. During the period of this investigation the National Warm-
Air Heating and Air Conditioning Association has been represented
by a Research Advisory Committee consisting of:
F. G. SEDGWICK, Chairman, Waterman-Waterbury Company,
Minneapolis, Minnesota.
G. W. DENGES, Williamson Heater Company, Cincinnati, Ohio.
R. A. GULICK, May-Fiebeger Company, Newark, Ohio.
F. L. MEYER, The Meyer Furnace Company, Peoria, Illinois.
C. W. NESSELL, Minneapolis-Honeywell Regulator Company,
Dayton, Ohio.
I. W. ROWELL, Furblo Company, Hermansville, Michigan.
T. W. TORR, Rudy Furnace Company, Dowagiac, Michigan.
The American Society of Heating and Ventilating Engineers has
*"Investigation of Summer Cooling in the Warm-Air Heating Research Residence." Univ. of
Ill. Eng. Exp. Sta. Bul. 290, January, 1937.
t"Summer Cooling in the Warm-Air Heating Research Residence with Cold Water." Univ. of
Ill. Eng. Exp. Sta. Bul. 305, August, 1938.
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been represented by a Technical Advisory Committee on Summer
Air Conditioning for Residences consisting of:
M. K. FAHNESTOCK, Chairman, University of Illinois, Urbana,
Illinois.
E. A. BRANDT, National Association of Ice Industries, Chicago,
Illinois.
JOHN EVERETTS, JR., Air and Refrigeration Corporation, New
York City.
ELLIOTT HARRINGTON, General Electric Company, Bloomfield,
New Jersey.
H. F. HUTZEL, Kelvinator Corporation, Detroit, Michigan.
E. D. MILENER, American Gas Association, New York City.
K. W. MILLER, Utilities Research Commission, Chicago, Illinois.
R. E. ROBILLARD, Frigidaire Division, General Motors Corpora-
tion, Dayton, Ohio.
F. G. SEDGWICK, Waterman-Waterbury Company, Minneapolis,
Minnesota.
J. H. WALKER, Detroit Edison Company, Detroit, Michigan.
It is the function of these committees to propose such problems
for investigation as are of the greatest interest to manufacturers and
engineers. Of these problems, the Engineering Experiment Station
staff selects for study those which can best be investigated with the
facilities and equipment available at the University. The cooperating
associations provide funds for defraying a major part of the expense
of this research work. The studies in summer cooling were con-
ducted in the Research Residence in Urbana, Illinois. This Resi-
dence was built, furnished, and completely equipped specifically for
research work in warm-air heating, by the National Warm-Air
Heating and Air Conditioning Association, in December, 1924.
2. Acknowledgments.-This investigation has been carried on as a
part of the work of the Engineering Experiment Station of the Uni-
versity of Illinois and as a project of the Department of Mechanical
Engineering. The investigation was conducted under the general
administrative direction of DEAN M. L. ENGER, Director of the
Engineering Experiment Station, and of PROFESSOR O. A. LEUT-
WILER, Head of the Department of Mechanical Engineering.
Acknowledgment is made to R. B. ENGDAHL, Special Research
Assistant, and to R. B. KNIGHT, formerly Special Research Graduate
Assistant, for their services in conducting the tests and in the reduc-
tion of the test data.
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Acknowledgment is also made to the various organizations and
companies who contributed funds through the American Society of
Heating and Ventilating Engineers and the National Warm-Air
Heating and Air Conditioning Association, and to the manufacturers
who cooperated by furnishing instruments and equipment used in
the investigation.
3. Objects and Scope of Investigation.-Previous investigations in
summer cooling in the Research Residence during the summers of
1932, 1933, and 1934 made use either of ice as the medium for cooling
water which was circulated through a coil placed in the forced-air
heating system, or of a 21Y-ton mechanical refrigerating unit used
in connection with an evaporator coil placed in a forced-air heating
system. These prior investigations were confined largely to studies
of certain factors affecting the cooling load, and to studies of the
effectiveness of different methods of circulating air from outdoors
at night, both as a supplement to artificial cooling during the day,
and as a means for eliminating the necessity for artificial cooling
during the day.
The investigations for the summers of 1935 and 1936 were under-
taken to determine to what extent water available at temperatures
of 46 deg. F., 52 deg. F., and 58 deg. F. could be used to produce
satisfactory cooling and dehumidification in the Research Residence
when supplemented by the circulation of outdoor air through the
second story at night, and when approximately one air change per
hour of outdoor air was used for the purpose of ventilation during
the day.
The investigations for the summers of 1937 and 1938 were under-
taken to determine the temperature and humidity conditions that
could be maintained in the Research Residence with a mechanical
condensing unit having a capacity approximately 40 per cent less
than the 30 000 B.t.u. per hr. previously used; particularly when
such cooling was supplemented by the circulation of outdoor air
through the house at night, and when approximately one air change
per hour of outdoor air was used for the purpose of ventilation
during the day.
During the summer of 1937 tests were made with a machine
operated at a capacity of 18 000 B.t.u. per hr. to determine the
advisability of cooling the first story during the daytime and the
second story at night as compared with cooling both stories during
the whole period when cooling was required. Further tests were
made in 1938 to determine whether any effective cooling on the first
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FIG. 1. WARM-AIR HEATING RESEARCH RESIDENCE
story resulted when the cooled air was introduced on the second
story alone. Tests were also run to determine the rate of cooling
of the second story when the machine was operated at capacities
of 18 000 B.t.u. per hr. and 30 000 B.t.u. per hr.
Certain studies were made in order to determine the rate of heat
flow and the time lag from maximum outdoor temperature to maxi-
mum indoor temperature for an uninsulated wall as compared with
those for an insulated wall.
II. DESCRIPTION OF PLANT AND APPARATUS
4. Research Residence.-The Research Residence, shown in Fig. 1,
and the forced-air heating system have been completely described
in Engineering Experiment Station Bulletins Nos. 266 and 290. For
the purpose of this investigation the Residence was equipped with
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awnings at all east, south, and west windows, and the sun room was
isolated from the dining room by closing the door. The entire third
story was regarded as an attic, and during the daytime was isolated
from the rest of the house by closing the door at the head of the
stairs. The attic windows, however, were opened to provide venti-
lation in the attic both day and night. With the exception of the
space above the northwest bedroom and the small spaces adjacent
to the dormer windows, the third story had hardwood floors laid
on pine subflooring. The small spaces adjacent to the dormer win-
dows had no floor. In the space above the northwest bedroom one
inch of insulating blanket was nailed to the upper edges of the floor
joists. Hence approximately all second story ceilings were at least
equivalent to lath and plaster with flooring above it. The roof con-
sisted of copper shingles laid on felt over wood sheathing. The wall
section consisted of lap siding, building paper, sheathing, 6-in.
studding, wood lath and plaster with rough sand finish painted with
four coats of oil paint. The coefficient of heat transmission for this
wall section is 0.25* B.t.u. per sq. ft. per hr. per deg. F., at a wind
velocity of 15 mi. per hr. The walls were not insulated, and no
weather stripping was used on the windows and doors. The total
space cooled consisted of three rooms and a breakfast nook on the
first story, and three bedrooms and a bathroom on the second story,
together with the two inter-connecting halls, making in all 14 170
cu. ft., with 7020 cu. ft. on the first story and 7150 cu. ft. on the
second. A small amount of cooking was done in the kitchen. Unless
otherwise specified, the state of the Residence was the same for the
work done during the two summers.
5. Forced-Air System.-For the purpose of this investigation the
forced-air system used in the winter for heating the Residence was
utilized as the distributing system to deliver the cooled air to the
rooms and to return the warmed air through the cooling coil to the
suction side of the fan. Under winter conditions the fan drew the
cool air from the rooms through one main and two auxiliary return
ducts and delivered it into the furnace casing. From the furnace
casing the warmed air passed into the distributing duct system and
was delivered into the different rooms through registers. For sum-
mer cooling the system was modified by blocking the two auxiliary
return ducts and the delivery ducts leading to the sun room and the
third story. With the exception that the duct leading to the kitchen
*American Society of Heating and Ventilating Engineer's Guide for 1939, Chapter 5, page 107,
Wall No. 65a.
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register was connected to the south trunk duct, which supplied air
to the first story rooms only, the arrangement of the forced-air duct
system and fan was practically the same as that used in previous
summers, and is described in Engineering Experiment Station Bul-
letins 290 and 305.
For some of the tests in which both the first and second story
rooms were cooled at the same time, the dampers in the ducts to
the first and second stories were adjusted to maintain the proper
balance between the amounts of air required for cooling on these
two stories. For other tests a damper arrangement was installed in
the bonnet of the furnace casing so that the circulating air could be
distributed either entirely through the registers on the first story or
entirely through the registers on the second story.
During winter operation the fan delivered 1675 cubic feet of air
per minute. Owing to the increased resistance of the system as
modified for summer cooling the capacity of the fan was somewhat
reduced. The registers on the delivery side of the system were of
the baseboard type.
6. Cooling Plant.--The arrangement of the cooling plant is shown
in Fig. 2. The condensing unit was self contained, and consisted of
a water cooled shell and finned coil condenser-receiver, and a two-
cylinder, motor-driven compressor. Cooling was accomplished by
direct expansion of dichlorodifluoromethane in one or both of two
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evaporator units arranged consecutively in a by-pass in the central
cold air return duct. Provision was made to use the refrigerant
either in one evaporator unit alone, or in both units, depending upon
the amount of cooling capacity desired.
Each evaporator, or cooling coil, consisted of finned copper tubing
placed two rows deep in the direction of air flow and nine rows high
measured along the vertical axis of the air duct. The tubes were
• in. outside diameter and had fins, 8 to the inch, which were con-
tinuous strips of sheet metal extending from the top row to the
bottom row of tubes. Each evaporator as installed in the duct was
14Y5 in. high and 2038 in. wide, and the gross, or face, area presented
to the flow of air was 2.07 sq. ft., while the net, or free, area was
1.02 sq. ft. The maximum capacity of the condensing unit was
approximately 30 000 B.t.u. per hr. with the two evaporator units
used in parallel and the compressor operated at a speed of 429 rev.
per min. The capacity of the condensing unit could be reduced to
approximately 18 000 B.t.u. per hr. by closing a valve in the re-
frigerant line which cut off one of the two evaporators, and by
operating the compressor at a speed of 229 rev. per min.
The controls employed consisted of a thermostatic expansion
valve having the thermostatic bulb clamped to the suction line near
the junction with the evaporator, a pressure operated water control
valve, used to regulate the flow of water through the condenser, and
a room thermostat, located in the hall on the second story. For
some of the tests in which the first story alone was cooled, the room
thermostat was located in the dining room. The room thermostat
served to start and stop the compressor at a given dry-bulb tempera-
ture in the room.
In order to provide for both heating in the winter and cooling
in the summer, the cooling coil was installed in a by-pass in the
central return duct, as shown in Fig. 2. For the summer work, the
duct was blocked at B and C, and all of the air delivered to the fan
in the forced-air system passed through the cooling coil when the
air in the house was being recirculated. For the purpose of pro-
viding outdoor air for cooling during the night, a slide damper, E,
was placed in the by-pass on the outlet side of the coil, and a door,
G, was placed in the recirculating duct on the down-stream side of
the slide damper. When outdoor air was required, the basement
door and the door, G, in the recirculating duct were opened, and
the slide damper, E, was closed. The fan in the forced-air system
was driven by a V belt from a Y horsepower motor. The quantity
of air delivered by the fan for each test series and for cooling with
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TABLE 1
AIR DELIVERED BY FAN
Capacity of Air Volume Ai eight Air Changes
Series No. Unit Air Distribution cu. ft. per lb. per hr. per hr.es
B.t.u. per hr. min.
Cooling with Outdoor Air at Night
1-3 7, n2-3 7 , .. Both Stories 1560 .... 6.61-38, and 2-38
4-38 ...... Both Stories 1890 .... 8.0
Air Recirculation during Day including Ventilating Air
1-37 18 000 Both Stories 990* 4450 4.2
2-37 18 000 1st Story only 916* 4120 7.8t
2-37 18 000 2nd Story only 958* 4310 8.0t
1-38 18 000 Both Stories 1020* 4590 4.3
2-38 18 000 2nd Story only 880* 3960 7.4t
3-38 30 000 2nd Story only 1040* 4680 8.7t
4-38 30 000 2nd Story only 1040* 4680 8.7t
Ventilating Air
For all Series ...... ............ 288 1024 1.0
Note: Calculations based on air density of 0.0749-lb. per cu. ft.
*Quantity of air through wet coil.
tBased on first or second story only.
$Outdoor air admitted for ventilation amounting to one air change per hour included in these
values.
outdoor air at night is shown in Table 1. These air volumes were
based on an air density of 0.0749 lb. per cu. ft. Outdoor air, for
the purpose of ventilation during the day, was provided by means
of the duct shown as Detail A in Fig. 2. This duct contained a
venturi section for the.measurement of the volume of air delivered,
and it was necessary to use a small auxiliary fan in order to deliver
the equivalent of approximately one air change per hour.
7. Instruments and Apparatus.-Wet- and dry-bulb temperatures
of the air entering and leaving the cooling coil were measured by
means of thermometers, as shown in Fig. 2. Two pairs of these
thermometers were placed on each side of the coil, a pair near each
side of the duct. The thermometer bulbs were located about 5 in.
from the sides of the duct, and at about the middle of the height
of the cross section. In order to obtain supplementary data, two
hair hygrometers were also placed in the duct in the same cross sec-
tions as those in which the thermometers were located. The loca-
tions of thermometers and thermocouples for measuring the tem-
perature of air at other points and the location of Pitot tubes for
measuring the air quantities are also shown in Fig. 2.
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The Research Residence is equipped with an extensive system of
copper-constantan thermocouples for the purpose of obtaining the
temperature of the air at different points in the forced-air system,
surface temperatures at different points in the structure, and any
other incidental temperatures for which thermocouples are particu-
larly adapted. The thermocouple leads are all brought to a con-
stant temperature box from which copper leads are run to a central
switch system. A single cold junction immersed in melting ice is
used, and all thermocouples are calibrated in place. The electro-
motive force is read by means of a precision potentiometer used in
connection with a sensitive suspension type of galvanometer equipped
with a mirror to reflect a beam of light.
In each room a standard located in the central axis of the room
bears three mercury thermometers, one placed four inches above the
floor, one at the 5-ft. level, and one four inches below the ceiling.
In addition to the thermocouples and thermometers, nine recording
dry-bulb thermometers were used for the studies in summer cooling.
Other instruments used included wet- and dry-bulb mercury ther-
mometers, an aspiration psychrometer, indicating and integrating
wattmeters, platform scales, and water meters.
8. Heat-Flow Meter.-The study of the heat flow through exposed
west and north walls in the northwest bedroom of the Research
Residence was begun in 1937. The wall sections on which these
studies were made consisted of lap siding, building paper, sheathing,
studding space, wood lath and plaster with rough sand finish painted
with four coats of oil paint. This study was extended in 1938 to
include tests on an insulated wall section. For this purpose the
studding space in the section of the west wall which was used in the
previous study, and which was 55/ in. deep, was filled with mineral
wool. The calculated coefficients of heat transmission for the un-
insulated and insulated walls were, respectively, 0.25 and 0.042 B.t.u.
per sq. ft. per hr. per deg. F. at a wind velocity of 15 mi. per hr. The
north wall section was not insulated.
Two Nicholls heat-flow meters* were installed, one on the west
wall and one on the north wall, with the centers at an approximate
height of 33 in. above the floor. A thin felt pad was placed between
the surface of the plaster and the heat-flow meter, which was held
in place by means of a wooden support, as shown in Fig. 3. Seventeen
thermocouples, in addition to those incorporated in the heat-flow
meters were installed so that air temperatures and surface tempera-
*A.S.H.V.E. Transactions, "Measuring Heat Transmission in Building Structures and a Heat
Transmission Meter," by P. Nicholls, Vol. 30, 1924, pp. 65-104.
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FiG. 3. HEAT-FLOW METER INSTALLATION ON NORTH WALL
tures both underneath and adjacent to the heat-flow meters could
be obtained.
III. TEST PROCEDURE
9. General.-During the summer continuous records were made,
by means of temperature recorders, of the following air temperatures:
outdoor, living room, dining room, kitchen, first-, second-, and third-
story halls, east bedroom, southwest bedroom, and northwest bed-
room. Continuous records were also made of the temperatures of
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the air entering and leaving the cooling coil, the water entering and
leaving the condensing unit, and the outdoor air taken in for venti-
lation, and of the wet- and dry-bulb temperature of the outdoor air
on the north side of the house. Wet- and dry-bulb temperatures of
the air entering the cooling coil, and other incidental air tempera-
tures were read at regular intervals. Relative humidities both
indoors and outdoors were obtained by means of an aspiration
psychrometer. The outdoor wet- and dry-bulb readings on this
psychrometer served as a basis for correcting all outdoor wet- and
dry-bulb temperatures read from the recorder charts.
The volumes of air delivered by the fans and passing through
the cooling coil were computed from velocity traverses made by
means of Pitot tubes. The density of the air varied from day to
day and was not the same in different parts of the system. Any
statement of air volume without a statement of the accompanying
density is incomplete. Hence, in order to avoid the necessity for
stating the density each time that an air volume is mentioned, the
statement of all air volumes in this bulletin has been consistently
made in terms of the equivalent air volume at a temperature of
70 deg. F. and an absolute pressure of 29.92 in. of mercury; i.e., at
a standard density of 0.0749 lb. per cu. ft. A statement of air quan-
tities in terms of weight of air is more satisfactory than one in terms
of air volume. However, this method has not been generally adopted
in practice, and all air quantities in this bulletin have been given
in terms of air volumes, with the addition of air weights in cases
where such air weights enter into the computation of heat quantities.
During all of the tests the windows on the first story remained
closed. The windows in the attic, with the exception of one opposite
the door at the top of the stairs, remained open. For the purpose
of cooling with outdoor air at night, 11 windows on the second story
were opened by raising the lower sash to the full extent. Two win-
dows which were opposite registers and one window at the second-
floor stair landing remained closed.
10. Operation of Cooling Plant.-Unless otherwise stated the Resi-
dence was operated on the following schedule: The second story
windows and the attic and basement doors were closed at 7 A.M.
and the dampers were changed so that the fan, which had been
delivering outdoor air through the system, started delivering re-
circulated air and the outdoor air admitted for ventilation. The
latter was equivalent to one air change per hour. The total air
volumes circulated in the different test series are given in Table 1.
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The fan was allowed to run continuously. When the temperature of
the indoor air at the thermostat location rose to the value selected
for that particular test, the condensing unit was started and cooled
air was distributed to the rooms on either or both stories, depending
on the nature of the test. The cooling plant was allowed to operate
with thermostatic on and off control, and, if possible, maintained a
constant temperature in the cooled space, until the effective tem-
perature* outdoors became equal to the effective temperature in the
cooled space. The condensing unit was then stopped. The second
story windows and attic door were opened, the dampers were set,
and the basement door opened, so that until 7 A.M. the fan de-
livered outdoor air through the duct system in the quantities shown
in Table 1.
During the periods of operation, observations were made of the
weight of water circulated through the condensing unit, the tem-
perature of the water entering and leaving the condensing unit, the
weight of water condensed from the air, and the electrical inputs to
the motors on the fan and the condensing unit. The weight of water
circulated was obtained by means of a calibrated water meter, and
the air quantities were obtained from traverses made with Pitot
tubes at section D in the central return duct and at the venturi
section in the ventilating air duct, as shown in Fig. 2.
Throughout the period of all these tests, the general observa-
tions discussed in Section 9 were made, and the cooling plant was
operated in accordance with the schedules described in the following
discussion of the different test series.
Simultaneous Cooling on Both Stories (Series 1-37)
In the first series of tests made in 1937, which has been designated
as series 1-37, the air delivered by the fan was distributed to rooms
on both stories after 7 A.M. When the effective temperature on the
second story rose to about 75 deg. giving an average of approxi-
mately 74.5 deg. for both stories, the condensing unit operating at a
capacity of 18 000 B.t.u. per hr. was started, and cooled air was
distributed to the rooms on both stories. At the start of the test,
when the relative humidity indoors was from 60 to 75 per cent, the
corresponding dry-bulb temperature was from 79 to 78 deg. F. The
cooling plant was allowed to operate intermittently with the thermo-
stat set to maintain approximately 78 deg. F. However, the heat
absorbing capacity of the unit was so small that when the rooms on
*"How to Use the Effective Temperature Index and Comfort Charts," by C. P. Yaglou, W. H.
Carrier, E. V. Hill, F. C. Houghten, and J. H. Walker. A.S.H.V.E. Transactions, Vol. 38, 1932,
pp. 410-423. See also Engineering Experiment Station Bulletin 290, Appendix A.
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both stories were being cooled the plant operated practically con-
tinuously until the time when cooling with outdoor air at night was
started.
Simultaneous Cooling on Both Stories (Series 1-38)
The method of operation used in this series was the same as that
for series 1-37, except that the cooling plant was started at a lower
indoor air temperature. When the average temperature on the
second story rose to about 77 deg. F., representing an effective tem-
perature of approximately 73 deg., the condensing unit, operating
at a capacity of 18 000 B.t.u. per hr., was started, and cooled air
was distributed to the rooms on both stories.
Cooling on First Story During Day and on Second
Story at Night (Series 2-37)
The recirculated air was distributed only to the first story rooms
after 7 A.M. and the condensing unit was operated intermittently,
maintaining an effective temperature of about 74 deg. until 6:30 P.M.
At that time the dampers were set so that all of the cooled air was
distributed only to the second story rooms. Cooling with outdoor
air at night was started when the effective temperature outdoors
became equal to the effective temperature of the second story rooms.
Cooling on Second Story with Small Capacity Unit (Series 2-38)
The air was distributed only to the second story rooms after
7 A.M. When the average temperature on the second story rose to
about 77 deg. F. the condensing unit, operating at a capacity of
18 000 B.t.u. per hr., was started, and cooled air was distributed only
to the rooms on the second story.
Cooling on Second Story with Large Capacity Unit (Series 4-38)
The method of operation was the same as that for series 2-38
except that the condensing unit was operated at a capacity of 30 000
B.t.u. per hr. The unit was controlled to maintain a temperature
of approximately 78 deg. F. on the second story.
Rate of Reduction of Temperature on Second Story (Series 3-38)
The air was distributed only to the first story rooms after 7 A.M.
and the condensing unit, at a capacity of 30 000 B.t.u. per hr.,
operated intermittently, maintaining a dry-bulb temperature of ap-
proximately 79 deg. F. At some time in the early evening, when the
temperature of the air on the second story had risen to a value ex-
ceeding 82 deg. F., the dampers were changed so that all of the
cooled air was distributed to the second story rooms alone. The
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TABLE 2
TYPICAL OPERATING DATA AND RESULTS
Item
1
2
3
4
5
6
7
8
9
10
11
12
13
Date ......................
Test N o ...................
Series ................. ...
Time of Day ...............
Outdoor Air
Dry Bulb, deg. F..........
Wet Bulb, deg. F.........
Dew Point, deg. F.........
Relative Humidity, per cent
Specific Humidity, grains
per pound dry air......
Indoor Air, average breathing
level temperature
1st Story, deg. F..........
2nd Story, deg. F.........
Indoor Air, average at breath-
ing level. ...... . . ...
Dry Bulb, deg. F..........
Wet Bulb, deg. F.........
Dew Point, deg. F.........
Relative Humidity, per cent
Specific Humidity, grains
per pound dry air......
Indoor Air, entering return
grille
Dry Bulb, deg. F..........
Wet Bulb, deg. F.........
Dew Point, deg. F........
Relative Humidity, per cent
Specific Humidity, grains
per pound dry air......
Ventilating Air
Dry Bulb, deg. F..........
Wet Bulb, deg. F.........
Dew Point, deg. F.........
Relative Humidity, per cent
Specific Humidity, grains
per pound dry air.......
Mixed Air, entering cooling coil
Dry Bulb, deg. F..........
Wet Bulb, deg. F.........
Dew Point, deg. F.........
Relative Humidity, per cent
Specific Humidity, grains
per pound dry air......
Mixed Air, leaving cooling coil
Dry Bulb, deg. F..........
Wet Bulb, deg. F.........
Dew Point, deg. F.........
Relative Humidity, per cent
Specific Humidity, grains
per pound dry air......
Air Temperature drop through
cooling coil, deg. F.......
Temperature cooled air leaving
registers, average deg. F...
Air Temperature rise in ducts
and casing, deg. F........
1
9-1-37
25
1-37
2:00 p.m.
89.3
74.3
68.2
50.0
103.8
78.4
78.1
Both
Stories
78.2
69.0
64.6
62.9
91.6
78.0
69.0
64.8
64.0
92.1
88.1
75.1
69.9
55.0
110.4
79.8
70.2
66.0
62.5
95.8
68.7
64.5
62.3
82.0
84.2
11.1
72.0
3.3
2
6-23-38
3
1-38
2:10 p.m.
90.5
73.7
66.5
44.3
97.5
77.7
77.8
Both
Stories
77.8
68.6
64.2
62.2
89.8
77.4
67.9
63.2
61.0
86.6
88.1
72.4
65.5
46.1
94.2
79.5
68.9
63.9
58.0
88.7
67.6
63.1
60.6
78.0
78.9
12.0
71.0
3.5
3
8-17-37
19
2-37
3:30 p.m.
92.8
75.8
69.1
46.0
107.0
78.1
83.0
1st Story
78.1
66.7
60.7
55.0
79.6
76.6
68.1
63.9
64.8
89.2
90.1
74.1
67.4
47.5
101.0
79.5
69.7
65.2
61.5
93.4
67.2
62.8
60.3
78.5
78.4
12.3
70.5
4
8-17-37
19
2-37
7:30 p.m.
80.3
71.3
67.5
65.0
101.2
79.4
81.0
2nd Story
81.0
68.8
63.0
54.0
86.0
79.2
68.8
63.8
59.0
88.8
79.9
72.7
69.7
71.0
109.6
78.7
69.4
65.1
63.0
93.2
67.3
63.4
61.2
81.0
81.2
11.4
72.0
5
8-2-38
34
2-38
2:20 p.m.
87.0
75.2
70.7
57.5
112.7
76.5
76.8
2nd Story
76.7
68.6
64.7
66.0
91.4
76.7
68.4
64.5
65.6
90.6
85.1
74.8
70.7
61.2
113.1
78.5
69.8
65.8
64.3
95.1
66.6
63.4
61.7
83.9
81.9
11.9
70.6
_I
_ _ _
6
8-23-38
46
4-38
4:40 p.m.
90.9
77.7
72.9
54.5
121.9
77.6
77.8
2nd Story
77.7
67.1
61.9
57.6
82.3
77.1
66.4
60.9
56.5
79.6
88.1
76.0
71.3
56.5
115.5
79.4
68.6
63.3
57.0
86.9
58.8
57.3
56.3
91.8
67.6
20.6
68.8
10.0
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TABLE 2-(CONCLUDED)
TYPICAL OPERATING DATA AND RESULTS
Iten
Basement Air Temperature at
breathing level, deg. F....
Cooling Coil
Gross Face Area, sq. ft.....
Net Free Area, sq. ft......
Air Velocity through coil
Gross Face, ft. per min.. .
Free Area, ft. per min.. . ..
Moisture condensed from air,
pounds per hour.........
Heat given up by air; total
B.t.u. per hour ..........
Heat due to moisture in air
B.t.u. per hour.........
Per cent of total heat....
Sensible heat
B.t.u. per hour.........
Per cent of total heat....
Water Temperature in con-
denser
Inlet, deg. F..............
Outlet, deg. F............
Rise, deg. F..............
Water Temperature in house
Inlet, deg. F..............
Outlet, deg. F............
Rise, deg. F..............
Quantity of cooling water
Pounds per hour..........
Gallons per hour..........
Heat Absorbed by cooling
water, B.t.u. per hour
Through condenser........
Through house ...........
Refrigerant Pressures
Suction, lb. per sq. in......
Discharge, lb. per sq. in....
Nominal Rating of condensing
unit with 140-lb. head pres-
sure, 55 deg. F. return re-
frigerant, 59 deg. F. con-
densing water and 74 deg.
F. ambient air, B.t.u. per
hour. ...................
Compressor Speed, r.p.m.....
Compressor Motor Data
Size, h.p.................
Measured power rate, kw...
Fan Speed, r.p.m............
Fan Motor Data
Size, h.p.. ..............
Measured power rate, kw...
2
72.8
2.07
1.02
493
1000
74.2
2.07
1.02
479
972
6.16
18 680
6960
37.3
11 720
62.7
59.7
102.7
43.0
59.5
102.7
43.2
448
53.7
19 260
19 350
16 300
229
2
1.28
444
0.75
0.43
16 300
255
2
1.34
451
0.75
0.44
4
74.2
2.07
1.02
463
940
16 300
255
2
1.34
451
0.75
0.44
5.88
19 720
6620
33.6
13 100
66.4
58.2
95.0
36.8
58.0
95.2
37.2
514
61.7
18 920
19 120
3
74.8
2.07
1.02
443
898
5.47
18 340
6180
33.7
12 160
66.3
59.8
101.8
42.0
59.6
101.5
41.9
442
53.1
18 560
18 520
16 300
229
2
1.32
444
0.75
0.44
6
73.7
2.07
1.02
503
1020
5
73.1
2.07
1.02
425
863
7.04
19 250
7950
41.3
11 300
58.7
60.4
99.2
38.8
60.4
98.8
38.4
485
58.2
18 820
18 625
40
125
36
130
31 150
429
2
2.47
526
0.75
0.60
16 300
255
2
1.37
451
0.75
0.43
5.95
18 520
6720
36.3
11 800
63.7
59.5
101.4
41.9
59.5
101.0
41.5
451
54.1
18 900
18 710
10.59
34 900
11 720
33.6
23 180
66.4
59.3
97.9
38.6
59.3
97.8
38.5
940
112.9
36 280
36 190
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cooling plant operated continuously until the average temperature
on the second story was reduced to 78.5 deg. F.
A parallel group of tests with the compressor operating at a
capacity of 18 000 B.t.u. per hr. was included in series 2-37.
11. Heat-Flow Meter.-Temperatures and heat flow measure-
ments at the heat-flow meter installation were made at regular
intervals both day and night, for extended periods of time. The
data were plotted on continuous charts and these charts were used
as a basis for the analysis of results.
IV. RESULTS OF TESTS WITH SIMULTANEOUS COOLING
ON BOTH STORIES
(Series 1-37 and 1-38)
12. General Conditions.-The operating characteristics of the
cooling plant and a comparison of the actual and calculated cooling
loads for the house can best be illustrated by the results obtained
on a typical day. For this purpose the tests made on September 1,
1937 (series 1-37) and June 23, 1938 (series 1-38) were selected as
typical of the operation obtained when the rooms on both stories
were cooled, and the results are shown in columns 1 and 2 of Table 2
and in Figs. 4 and 5, respectively. General results from all the
tests are given in the Appendix, in Tables 5 and 6.
On the day which was selected as being typical for the tests
made under conditions of operation for series 1-37, as shown in
Fig. 4, the outdoor temperature was 89.3 deg. F. at 2 P.M. and
TABLE 3
SEASONAL WEATHER DATA
Season of
Item
1936 1937 1938
1 Number of Days at 85 deg. F. or over............. 81 61 54
2 Number of Days at 90 deg F. or over............. 50 23 16
3 Total Hours above 85 deg. F ..................... 706 302 204
4 Total Hours above 90 deg. F .................... 342 40 23
5 Total Degree-Hours above 85 deg F.............. 4551 862 535
6 Total Degree-Hours above 90 deg. F.............. 1963 64 23
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FIG. 4. GRAPHIC LOG OF AIR TEMPERATURES, RELATIVE HVMIDITIES,
AND COOLING LoAD
Test No. 25, Series 1-37, September 1, 1937. Capacity 18 000 B.t.u. per Ir., cooled air to
both stories.
reached a maximum of 92.0 deg. F. at 4 P.M. In this connection it
is of interest to note that the maximum outdoor dry-bulb tempera-
ture attained in the seasons of 1937 and 1938 was 96 deg. F. As
shown by Table 3, these seasons were considerably cooler than the
summer season of 1936, which was the hottest summer occurring in
Urbana, Illinois, since the year 1888, when the local station of the
U. S. Weather Bureau was established.
The air conditions at different locations are given in items 5 to
15 of Table 2. The temperature of the cooled air leaving the registers
was approximately 72.0 deg. F., and the rise in temperature of the
air passing through the furnace casing and ducts was 3.3 deg. F. in
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the case of series 1-37. Approximately the same conditions existed
in the case of series 1-38.
The cooling studies made during previous summers had indicated
that complete temperature traverses in the duct on both sides of the
coil were required in order to obtain the proper corrections to be
applied to the averages of the temperatures obtained from the wet-
and dry-bulb thermometers at the two reading stations on each side
of the coil. The distribution between the sensible and latent heat
loads, as shown in item (19) Table 2, was obtained by using the
corrected values for the dry-bulb temperatures, and by multiplying
the weighed amount of condensation from the coil by the heat given
up by the change in moisture content of the air per pound of water
vapor condensed. The latter varied from 1105 to 1175 B.t.u. per
lb. of vapor condensed.
13. Operating Characteristics.-The operating characteristics with
cooled air supplied to the rooms on both stories in series 1-37 are
shown in Fig. 4. The second story windows had been open during
the night previous to this test from 9:15 P.M. to 7 A.M., and outdoor
air had been circulated by means of the basement fan. On this
test the condensing unit operated intermittently from 9:07 A.M. to
11:30 A.M., and continuously from 11:30 A.M. to 10:07 P.M. main-
taining the dry-bulb temperature between 77.0 deg. F. and 79.5
deg. F.
At the start of the test at 9:07 A.M. the indoor relative humidity
was 80 per cent, and the indoor effective temperature was 75.5 deg.
After the condensing unit had operated for about an hour the rela-
tive humidity decreased to 70 per cent, with an accompanying effec-
tive temperature of 73.6 deg. However, during the off period of
the cooling unit both the relative humidity and the effective tem-
perature increased to values of 75 per cent and 75.3 deg., respectively.
This alternate decrease and increase of relative humidity and effec-
tive temperature was characteristic of the intermittent operation of
the cooling plant. This characteristic was also observed in the case
of the previous plants that had been installed in the Research Resi-
dence. A more detailed discussion of this condition is presented in
Section 18. The indoor comfort conditions during the intermittent
periods of plant operation were on the upper border-line for com-
fort, but could be regarded as reasonably satisfactory.
When the plant operated continuously, as from 11:30 A.M. to
10:07 P.M., the relative humidity stabilized at about 59 per cent,
representing an effective temperature of 74 deg. The indoor condi-
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tions during these periods of continuous operation could be con-
sidered as entirely satisfactory. It was observed that the minimum
values of the indoor relative humidity that were maintained were
approximately 10 to 15 per cent greater than those maintained
during the tests made in the season of 1934 with a condensing unit
having a heat absorbing capacity of practically 30 000 B.t.u. per hr.
The differences in the relative humidities that were obtained have
been attributed partly to the difference in seasons, partly to the
difference in the mean coil temperatures, and partly to the difference
in the depth of the coils in the two plants. A complete discussion
of the observed relationship between the mean coil temperatures
and the relative humidity in the house has been presented in Engi-
neering Experiment Station Bulletin 305. To the extent that a rela-
tive humidity of 45 per cent might possibly be considered as slightly
more desirable than a relative humidity of 59 per cent, even for the
same effective temperature, the indoor conditions maintained with
the larger condensing unit may be considered as slightly more
favorable than those maintained with the smaller condensing unit.
It may be noted that in order to maintain the same effective
temperature a unit having a smaller capacity should be operated to
maintain an indoor dry-bulb temperature somewhat lower than that
to be maintained with a unit having a larger capacity. This fact,
together with the advisability of allowing for a rise in the indoor
temperature on hot days when the cooling plant was insufficient in
capacity to maintain a constant temperature, made it advisable to
operate the smaller plant from a room thermostat which was set at
approximately 78 deg. F. rather than 80 deg. F.
The tests made during the summer of 1937 (series 1-37) indicated
that with high humidity conditions at the start of a test, a starting
temperature of about 78 deg. F. resulted in an indoor effective tem-
perature higher than the 75 deg., representing the upper border line
of comfort. Accordingly for the tests in 1938, the indoor effective
temperature at the start of a test was not allowed to exceed 75 deg.
This was accomplished, as shown in Fig. 5, by starting the con-
densing unit at an indoor temperature of about 77 deg. F. rather
than the 78 deg. F. used in series 1-37. The condensing unit operated
continuously from 12:05 P.M. to 9 P.M. maintaining the dry-bulb
temperature between 77.4 deg. F. and 79.2 deg. F. Three hours
after the condensing unit started, the relative humidity stabilized
at about 59 per cent and the effective temperature did not exceed
75 deg. The indoor conditions during this period could be considered
as entirely satisfactory.
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FIG. 5. GRAPHIC LOG OF AIR TEMPERATURES, RELATIVE HUMIDITIES,
AND COOLING LOAD
Test No. 2, Series 1-38, June 23, 1938. Capacity 18 000 B.t.u. per hr., cooled air to both
stories.
14. Limitations in Cooling Capacity.-It is evident from the curves
of indoor dry-bulb temperature in Figs. 4 and 5 that the condensing
unit was insufficient in capacity to maintain a constant temperature.
From Fig. 4 it may be observed that during the period of continuous
operation the indoor dry-bulb temperature gradually rose from a
SUMMER COOLING IN THE RESEARCH RESIDENCE
value of 78.1 deg. F. at 1 P.M. to a value of 79.5 deg. F. at 6 P.M.
The indoor effective temperature at 6 P.M. was 74.8 deg., which
was just on the border line for comfort. It is probable that if the
temperature of the outdoor air had been materially higher, the rise
in the indoor temperature would have been greater, and the maxi-
mum indoor effective temperature would probably have attained a
value above that represented by the upper limit of the comfort zone.
Since both seasons were comparatively cool no test data under severe
weather conditions were obtainable. In the following section an
analysis is presented of the limitations of the small-capacity unit
when used under all weather conditions, and with the method of
operation employed in the Research Residence.
In Engineering Experiment Station Bulletin 290, in which a study
was presented of the effect of methods of night operation on condi-
tions in the Residence on the following day, it was shown that the
maximum indoor temperature that was attained during the day was
dependent not only on the maximum outdoor temperature, but also
on the minimum outdoor temperature that occurred during the night
previous to the test. For example, the maximum indoor air tem-
perature of 81 deg. F. would result during the day, succeeding a
night of operation with a given type of fan, if, under upper limiting
conditions, a maximum outdoor temperature of 93.6 deg. F. was
preceded by an outdoor minimum temperature of 62.0 deg. F.; and
if, under lower limiting conditions, a maximum outdoor temperature
of 83.6 deg. F. was preceded by an outdoor minimum temperature
of 71.0 deg. F. The same conditions could also be obtained with
any maximum temperature lying between these limits when ac-
companied by a proper corresponding outdoor minimum temperature.
It may be observed from this example that the average of the maxi-
mum and minimum outdoor temperatures, or the daily median tem-
perature, required in each case to result in the 81 deg. F. indoor air
temperature was practically the same. This was also true of all of
the daily median temperatures obtained from the intermediate com-
binations of outdoor maximum and minimum temperatures required
to result in this same indoor temperature. It is reasonable to expect,
therefore, that the maximum indoor air temperature that would be
attained on a given day would bear some relation to the daily median
temperature.
That such a relationship exists is shown by the data plotted in
Fig. 6. The data obtained during the summer of 1937, represented
by circles in this figure, show the maximum indoor temperatures
that were obtained when cooling was accomplished only by the use
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FIG. 6. EFFECT OF OUTDOOR TEMPERATURES AND METHOD OF OPERATION
ON MAXIMUM INDOOR TEMPERATURES
of outdoor air at night. That is, the condensing unit was not operated
during the following day. A broken line is shown drawn through
these points. The points representing the data obtained for the
maximum indoor temperature when the small-capacity unit was
started at an indoor temperature of 78 deg. F. (series 1-37) are in-
dicated by crosses, and a broken line drawn through the points
represents the average. Similarly, the points representing the data
obtained when the small-capacity unit was started at an indoor tem-
perature of 77 deg. F. (series 1-38) are indicated by triangles, and
the full line drawn through the points represents the average. The
upper broken line curve indicates that for all values of daily median
temperatures less than 77 deg. F., cooling with outdoor air at night
alone would be sufficient to maintain indoor temperatures of less
than 80 deg. F. If the small-capacity condensing unit were started
at 78 deg. F. (series 1-37), artificial cooling would be used at all
daily median temperatures exceeding a critical temperature of 75.5
deg. F. At daily median temperatures between 75.5 deg. F. and
77 deg. F. some artificial cooling would be used even though cooling
with outdoor air at night alone would be sufficient to maintain in-
door temperatures less than 80 deg. F. For a daily median tem-
perature of 83 deg. F., however, if cooling with night air alone was
- wifhoat Arfificial Coo&/n7 --- o -- -
durAn' fhe Da'-4 '
A^ 1 A nCoo/ing wi/h
-o- Outdoor Air at Ni'g' --p  and wifth Artificicr/ Cooling
during the DaO'-
o- Wih Outdoor Air Or,?I.
W/ih Sr7a'/ Capacity Contdensingf n/f-w-
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used, the indoor temperature would rise to approximately 84 deg. F.;
whereas, if the small-capacity unit were operated with the room
thermostat set at 78 deg. F., the indoor temperature would not ex-
ceed 80 deg. F.
The probable values of the maximum indoor air temperature, for
operating conditions as maintained in 1938, are shown by the tri-
angles and the full line curve in Fig. 6. This curve coincided in
the upper range with the one for 1937, and also indicated a critical
temperature represented by the intersection with the broken line
curve giving the results of cooling with outdoor air at night alone.
In this case if the small-capacity condensing unit were started at 77
deg. F. (series 1-38), some artificial cooling would be used at all
daily median temperatures exceeding 72 deg. F. For daily median
temperatures less than 72 deg. F., cooling with outdoor air at night
would be sufficient. At daily median temperatures between 72 deg.
F. and 77 deg. F. some artificial cooling would be used even though
cooling with outdoor air at night alone would be sufficient to main-
tain indoor temperatures less than 80 deg. F. The resulting indoor
temperatures, however, would be lower than those obtained with
the use of outdoor air at night alone.
The daily median temperature of 83 deg. F., which was exceeded
only on one day during the cooling season of 1937, and on three
days during 1938, may be considered as the probable upper limit
for the range of application of the small-capacity unit. It is probable
that for daily median temperatures exceeding 83 deg. F., the indoor
temperatures would have risen above 80 deg. F., and the comfort
conditions would not have been entirely satisfactory during the entire
day. This is shown by the fact that both the broken and full lines in
Fig. 6 intersect the 80 deg. F. maximum indoor temperature line at
a point corresponding to a daily median temperature of approxi-
mately 83 deg. F. indicating that, independent of the starting tem-
perature, the capacity of 18 000 B.t.u. per hr. would not be sufficient
to maintain indoor temperatures of less than 80 deg. F. with out-
door daily median temperatures exceeding 83 deg. F. However,
even with these higher outdoor temperatures, the resulting indoor
conditions would have been much more acceptable than if no cooling
had been used, although no data are available on the actual indoor
temperature that would have been attained.
From a statistical study of the daily median temperatures for a
given season in Urbana, Illinois, the number of days on which satis-
factory indoor conditions would result, either from the use of air
from outdoors at night, or by supplementing such cooling with the
ILLINOIS ENGINEERING EXPERIMENT STATION
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SUMMER COOLING IN THE RESEARCH RESIDENCE
use of the small-capacity unit, can be determined by employing the
data shown in Fig. 6. Such a study has been applied to a season
represented by the average of eleven seasons extending over the
years 1927 to 1937, inclusive, and the results are shown in Table 4.
This table shows a summary of the total number of days during the
eleven-year period for which the daily median temperatures assumed
the values indicated. The data shown are for the total 1683 days
included in all of the seasons between May 1 and September 30
(153 days per season) for the eleven years, and represent mild as well
as severe summers. It may be observed that a daily median tem-
perature of 72 deg. F. was obtained 93 times during the eleven-year
period, averaging about 8.5 days per season; and one of 75.5 deg. F.
was obtained 85 times averaging about 8 days per season; whereas,
a daily median temperature of 83 deg. F. occurred 26 times during
the eleven-year period, or an average seasonal frequency of 2.4 days.
The data in Table 4, showing the average number of days during
a season on which a given daily median temperature was attained,
has been represented graphically in the upper part of Fig. 7. The
broken line represents a mean of the points plotted. The values
indicated on the right hand ordinate show the frequency in terms of
percentage of the number of days in a season comprised of 153 days.
The lower curve in Fig. 7, representing the total number of days
in the season having daily median temperatures not exceeding the
value shown on the abscissa, was obtained by integrating the area
under the curve included between the vertical ordinates of the origin
and the stated value in the upper part of Fig. 7. It may be noted
that, for approximately 108 days in the total season of 153 days, the
daily median temperature would be less than 75.5 deg. F. The
latter was indicated in Fig. 6 as representing a critical or limiting
daily median temperature for conditions of operation when the small-
capacity condensing unit was started at an indoor temperature of
78 deg. F. Hence Fig. 7 indicates that under these conditions cooling
with air from outdoors at night alone would be sufficient to main-
tain a comfortable temperature in the Research Residence for 108
days, or 71 per cent of the average season of 153 days, but would
not be adequate for the remaining 45 days. Similarly, for about 82
days in the total season of 153 days, the daily median temperature
would be less than 72 deg. F. The latter was indicated in Fig. 6
as representing a limiting daily median temperature for conditions
of operation when the condensing unit was started at an indoor
temperature of 77 deg. F. Hence, under these conditions, cooling
with air from outdoors at night alone would be sufficient to main-
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SUMMER COOLING IN THE RESEARCH RESIDENCE
tain a comfortable temperature in the Research Residence for 82
days, or 54 per cent of the average season, but would not be adequate
for the remaining 71 days. It is true that with daily median tem-
peratures between 72 deg. F. and 77 deg. F. it would be possible
to maintain indoor temperatures lower than 80 deg. F. without
starting the condensing unit, but, unless the unit was started, the
high relative humidities accompanying indoor temperatures above
77 deg. F. would materially detract from the comfort. Hence, an
outdoor daily median temperature of 72 deg. F. has been regarded as
the upper practical limit for cooling with outdoor air at night alone.
Figure 7 further indicates that for approximately 143 days in
the season the daily median temperature would not exceed the 83
deg. F. shown in Fig. 6 as the upper limit for the small-capacity
unit. That is, the small-capacity unit, when used in connection with
cooling with outdoor air at night by means of the basement fan,
would be sufficient to maintain desirable comfort conditions in the
Residence on 143 days, or 93 per cent of the season, but would not
be sufficient in capacity to prevent the indoor temperature from ex-
ceeding 80 deg. F. on 10 days. This was true irrespective as to
whether the condensing unit was started at a temperature of 78
deg. F. or 77 deg. F.
The data presented represent a typical average season only, and
considerable deviations from the average may occur during any given
season. For example, during the relatively mild season of 1937 the
daily median temperature exceeded 83.0 deg. F. on only one day;
whereas during the extremely severe summer season of 1936, the
daily median temperature exceeded 83.0 deg. F. on 28 days. Further-
more, the limitations shown in Fig. 6 apply only to the method of
operation and to the operating conditions as maintained in the
Research Residence. If a larger-capacity unit had been used, the
limiting value of the daily median temperature, as shown in Fig. 6,
would have been greater than 83.0 deg. F. and, as indicated by Fig. 7,
the unit would have had sufficient capacity to maintain acceptable
conditions for more than 143 days per season.
The data indicate the feasibility of installing refrigerating equip-
ment of small capacity in residences, particularly in those cases in
which the initial cost of installation is a more important factor than
the maintenance of ideal indoor conditions in the most severe weather.
The data furthermore show the limitations resulting from the use of
such a small-capacity unit when operated under the conditions main-
tained in the Research Residence.
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FIG. 8. HEAT ABSORBED BY COOLING COIL PER DAY
Series 1-38. Capacity 18 000 B.t.u. per hr., cooled air to both stories.
15. Total Cooling Load per Day.-The total cooling load for the
day, obtained from the data for the season of 1938, and expressed
as the total B.t.u. absorbed from the air in the total amount of time
during which the machine was actually in operation, is shown in
Fig. 8, plotted against the degree-hours per day. The base value
of 80 deg. F. was selected in this case rather than that of 85 deg. F.,
which has heretofore been used,* because it was found that when
the machine was started at an indoor temperature of 77 deg. F.
(series 1-38) it was operated on many days on which the maximum
outdoor temperature was less than 85 deg. F. Considerable devia-
tions of the points from the mean curve are to be expected since
wind and sun effects, which influence the cooling load, are not
directly dependent upon the degree-hours. Also the amount of
cooling with air from outdoors at night is indirectly reflected in the
cooling load required for a given number of degree-hours the next
day. The curve shown in Fig. 8 can be used to estimate the seasonal
amount of heat absorption required under similar conditions of plant
operation for any season for which the number of degree-hours above
80 deg. F. corresponding to each day in the season in known.
16. Summary and Conclusions.-The following summary and con-
clusions may be considered as applying to the Research Residence
and the conditions under which the tests were conducted:
(1) During the continuous operation of the plant at a capacity
*Univ. of Ill. Eng. Exp. Sta. Bulletins 290 and 305.
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of 18 000 B.t.u. per hr. the relative humidity stabilized at about
59 per cent, which was approximately 10 to 15 per cent greater
than that maintained with a condensing unit having a capacity of
30 000 B.t.u. per hr.
(2) In order to maintain the same effective temperature, it was
necessary to operate the small-capacity unit so as to maintain an
indoor dry-bulb temperature somewhat lower than that maintained
with a unit having a larger capacity. Furthermore, it was advisable
to allow for a rise in the indoor temperature on hot days when the
cooling plant did not have sufficient capacity to maintain a constant
temperature.
(3) The cooling capacity of 18 000 B.t.u. per hr. was found to
be sufficient for both stories for days on which the maximum out-
door temperature rose to 95 deg. F. and the minimum outdoor tem-
perature during the night preceding the test did not exceed 71 deg. F.
The daily median temperature (average of maximum and minimum
outdoor temperature) of 83 deg. F. may be considered as the upper
limit of the range of satisfactory application of the small-capacity
condensing unit.
(4) A statistical study of the daily median temperature during a
given number of seasons indicated that, subject to limitations over a
small portion of the cooling season, the use of a condensing unit of
small capacity was feasible for residences, especially in those cases
in which the initial cost of installation is a more important factor
than the maintenance of ideal indoor conditions.
V. RESULTS OF TESTS WITH COOLING ON FIRST STORY DURING
THE DAY AND ON SECOND STORY AT NIGHT
(Series 2-37)
17. General Conditions.-The test made on August 17, 1937, was
selected as typical of the operation obtained when cooled air was
distributed to the first-story rooms only until 6:30 P.M. and to the
second-story rooms only after 6:30 P.M. The results for the tests,
made under conditions of operation for series 2-37, are shown in the
third and fourth columns of Table 2 and in Fig. 9. General results
from all of the tests are given in the Appendix, Table 5.
The values listed in the third column of Table 2 show the average
conditions that were maintained in the first-story rooms at 3:30 P.M.;
while the values listed in the fourth column show the average con-
ditions that were maintained in the second-story rooms at 7:30 P.M.
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AND COOLING LOAD
Test No. 19, Series 2-37, August 17, 1937. Capacity 18 000 B.t.u. per hr., cooled air to first
story until 6:30 P.M. and to second story after 6:30 P.M.
The outdoor air temperature was about 93 deg. F. for a period of
four hours, and the day may be considered as a medium warm day.
18. Operating Characteristics.-The operating characteristics for
this method of operation are shown in Fig. 9. Outdoor air had been
circulated through all the rooms of the house during the night
previous to the test, from 8 P.M. to 7 A.M., by means of the base-
ment fan. At 7 A.M. the recirculation of the indoor air, together
with the addition of outdoor air for the purpose of ventilation, was
started on the first story alone. Practically the same quantities of
both recirculated air and ventilation air, as were circulated on both
stories in the first series of tests (series 1-37), were circulated on
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each individual story in this second series of tests. Hence the quan-
tities of air circulated, based on one story alone, were approximately
equivalent to 6 recirculations per hour and 2 changes of outdoor
air per hour, making a total of 8 air changes per hour delivered by
the fan. The ratio of the heat brought in by ventilation air to the
total heat gain for the story was greater in this series than it was
in the first series of tests.
On the test shown in Fig. 9 the small-capacity condensing unit
operated intermittently from 10:05 A.M. to 1:31 P.M. As in previous
tests, the intermittent periods of plant operation were accompanied
by large changes in the relative humidity and in the effective tem-
perature. The comfort conditions during the off periods of the
plant were not as satisfactory as those maintained during the on
periods of the plant. These results are consistent with all of the
results of tests made over the period of from 1934 to 1936, inasmuch
as they all indicated that the indoor comfort conditions were more
satisfactory on relatively hot days when the plant operated con-
tinuously than they were on the milder days when the plant operated
intermittently. In this connection it may be mentioned that the
use of a cooling unit or operating method which was just sufficient
to maintain the desired indoor temperature at all times would elimi-
nate these off periods and the accompanying periods of high humidity.
Any method of control or operation which would tend to modulate
the capacity of the cooling unit to more nearly conform with the
cooling requirements, without increasing the relative humidity,
should prove more satisfactory than the intermittent operation of a
unit having a fixed capacity.
On this test, the condensing unit operated continuously from
1:31 P.M. to 10 P.M. The indoor comfort conditions on the first
story remained constant and were entirely satisfactory until 6:30 P.M.
From 6:30 P.M. until 10 P.M., when the cooled air was distributed
to the second-story rooms only, the indoor temperature, humidity,
and effective temperature on the first story increased slightly, but
the conditions were acceptable. It is possible that, on extremely
severe days, the conditions on the first story after 6:30 P.M. might
prove uncomfortable.
It may be observed that the temperatures in the rooms on the
second story increased steadily from 76.8 deg. F. at 7 A.M. to 83.5
deg. F. at 6:30 P.M. Since no air was recirculated on the second
story during this interval, and the windows remained closed, the
conditions in the second-story rooms were not satisfactory. The
contrast between the warm, stuffy environment on the second story
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and the cool, fresh environment on the first story was particularly
striking. The conditions were so noticeably different, especially in
late afternoon, that the occupants of the house preferred to remain
on the first story. This limitation and restriction in the usage and
occupancy of the entire house may prove to be undesirable in some
installations, where sewing rooms and utility rooms are located on
the second story. The normal living habits of the occupants should,
therefore, be considered in the application of zoned installations of
this nature.
During the interval when cooling was applied only on the first
story, the relative humidity on the second story decreased from 77
per cent at 10 A.M. to 60 per cent at 6:30 P.M., whereas ordinarily,
when no cooling was done in the house, the indoor relative humidity
tended to remain fairly constant. This reduction in relative hu-
midity on the second story was caused by a reduction in the moisture
content of the air and not merely by the higher air temperature.
The moisture content decreased from 116 grains per lb. of dry air
at 10 A.M. to 104 grains per lb. at 6:30 P.M. This reduction of 12
grains per lb. of dry air on the second story accompanied a reduc-
tion in the moisture content on the first story amounting to 37
grains per lb., and indicated that the circulation of relatively cool
dry air on the first story appreciably affected the conditions on the
second story. As a result of this the effective temperature on the
second story remained practically constant in spite of the fact that
the dry-bulb temperature increased.
At 6:30 P.M. when the cooled air was distributed only through
the registers on the second story, the reduction in relative humidity
and temperature occurred quite rapidly during the first hour. The
reduction in temperature occurred very slowly after that time due
to the effect of the heat absorbed in the structure. A discussion of
this item was presented in Engineering Experiment Station Bulletin
No. 305. This effect is also indicated, as shown in the bottom part
of Fig. 9, by the wide discrepancy between the calculated cooling
load on the second story and the actual load absorbed by the plant.
During the interval from 8 P.M. to 10 P.M. the actual load was more
than twice as great as the calculated load, while the indoor air
temperature on the second story decreased from 80.5 deg. F. to
79.3 deg. F., giving a total drop of only 1.2 deg. F. The degree of
comfort on the second story, as measured by the effective tempera-
ture, did not attain that represented by 74.5 deg. until approxi-
mately two hours after the cooling was begun on the second story.
Even at 10 P.M., 3Y2 hours after the cooling was begun on the second
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story, the effective temperature was 74 deg., only slightly below the
upper border line of comfort. It is most probable that on a hotter
day the conditions on the second story would not be completely
satisfactory between the hours of 6:30 P.M. and 10 P.M.
In general, therefore, subject to the limitations discussed, the
method of cooling on the first story during the day and on the second
story during the night may be considered as reasonably satisfactory.
The method requires a zoned duct system in which all of the rooms
on one story are supplied with air from a trunk duct separate from
those supplying air to other stories. Such an arrangement may not
be practical in all installations. The restriction in the usage of the
house may prove objectionable in some cases. Furthermore, the
same unit when used to cool the entire house during the compara-
tively mild seasons of 1937 and 1938 proved almost as satisfactory
without restricting the space suitable for occupancy. On the whole,
the comfort conditions attained on the first-story rooms were slightly
more satisfactory than those maintained when the small-capacity
unit was used to cool the entire house. However, the comfort con-
ditions maintained during the off periods of the plant were subject
to improvement, and, furthermore, more satisfactory conditions as a
whole would have resulted if the number of off periods of the plant
could have been reduced. The conditions attained on the second
story were just on the upper border line of comfort, and a larger
capacity would have been required in order to produce a more rapid
reduction in the temperature.
19. Summary and Conclusions.-The following summary and con-
clusions apply to the Research Residence and the conditions under
which the tests were conducted:
(1) The off periods occurring during periods of intermittent
operation of the plant were accompanied by comparatively large
changes in the relative humidity and in the effective temperature.
(2) Subject to the limitation of restricted occupancy, the method
of cooling on the first story during the day and on the second story
during the night may be considered as reasonably satisfactory.
VI. RESULTS OF TESTS WITH COOLING ON
SECOND STORY ONLY
20. Operating Characteristics with Small-Capacity Unit. (Series
2-38).-The test made on August 2, 1938 was selected as typical of
the performance when the condensing unit was operated at a capacity
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Test No. 34, Series 2-38, August 2, 1938. Capacity 18 000 B.t.u. per hr., cooled air to second
story only.
of 18 000 B.t.u. per hr. and cooled air was delivered only to the rooms
on the second story. The results are shown in the fifth column of
Table 2 and in Fig. 10. General results from all the tests are given
in the Appendix, Table 6. Outdoor air had been circulated through
the entire house during the night preceding the test. At 7 A.M. the
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windows were closed, and recirculation was begun with all of the
air distributed to second-story rooms. The condensing unit was
started when the temperature on the second story reached 77.5 deg. F.
A rapid reduction in relative humidity occurred on the second
story when the condensing unit was started at 12:09 P.M. This was
accompanied by a small reduction in dry-bulb temperature, and
resulted in a marked decrease in effective temperature. The rela-
tive humidity and dry-bulb temperature on the first story were
affected in a manner similar to those on the second story, but to a
somewhat lesser degree. The result was that a satisfactory effective
temperature was obtained on both stories with cool air introduced
only on the second story. The return air grilles were located on the
first story in the two lower stair risers, and this location undoubtedly
accentuated the natural tendency for the cool air to gravitate to
the lower story. In general, the results indicate that, if partial
cooling is to be used, it is advisable to locate the cool air outlets on
the second story rather than the first, particularly if the return air
grille is located on the first story. It is possible that in some cases
first-story rooms remote from the stairway may not be greatly
affected. This did not seem to be true in the Research Residence,
as in this case the whole lower story was affected by the cooling on
the second story. It was observed, however, that without positive
circulation of air on the first story, any additions to the usual number
of occupants, or any additional heat sources, soon produced unsatis-
factory conditions in the rooms more remote from the return grille
and the stairway.
21. Operating Characteristics with Large-Capacity Unit. (Series
4-38).-The results obtained when the condensing unit was operated
at a capacity of 30 000 B.t.u. per hr. and cooled air was delivered
only to the rooms on the second story are shown in the sixth column
of Table 2 and in Fig. 11. General results from all the tests are
given in the Appendix, Table 6. A schedule of operation similar to
series 2-38 was used, with air distributed only to second-story rooms
after 7 A.M. following the cooling with outdoor air during the night.
However, since the capacity of 30 000 B.t.u. per hr. was ample to
maintain a constant temperature in the house, before the condensing
unit was started the temperature on the second story was allowed to
rise to 78.5 deg. F., instead of 77.5 deg. F., which was used with
the smaller-capacity unit in series 2-38. On account of the high
humidity conditions prevailing, a starting temperature of 78.5 deg. F.
on the second story was used instead of approximately 80 deg. F.,
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Test No. 46, Series 4-38, August 23, 1938. Capacity 30 000 B.t.u. per hr., cooled air to second
story only.
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which was used in 1934. With this starting temperature the house was
maintained at an average temperature of approximately 78 deg. F.
It may be noted from Fig. 11 that even the comparatively low
starting temperature of 78.5 deg. F. was accompanied by a very
high humidity, which resulted in an effective temperature higher than
75 deg. at the start of the test. Also the intermittent operation of
the cooling plant produced large fluctuations in relative humidity,
and the effective temperature rose above 75 deg. during the off
periods at the beginning of the test. For most of the test period,
however, the conditions were entirely satisfactory. Since effective
temperatures above 75 deg. occurred during the off periods it follows
that conditions in the house were more comfortable on hot days,
when the plant operated with long on periods, than they were on
mild days, when the plant operated with short on periods and more
frequent off periods.
During the entire test the temperature on the first story approxi-
mated the temperature on the second story quite closely. Humidity
conditions were even better, since, as shown in Fig. 11, the relative
humidity on the first story was approximately equal to the average
of the extremes occurring on the second story, and so resulted in
more uniformly satisfactory effective temperatures. The effective-
ness of cooling on the first story was subject to the same limitations
as those discussed in Section 20 in connection with series 2-38.
22. Rate of Reduction in Temperature. (Series 3-38).-In the
series of tests made in 1937 and discussed in Chapter V, the con-
densing unit was operated at a capacity of 18 000 B.t.u. per hr.
The first story was cooled during the day and the second story at
night. When the cooled air was first distributed through the registers
on the second story the reduction in temperature and relative hu-
midity was quite rapid. However, the reduction in temperature
occurred very slowly after the first hour, due to the effect of the heat
absorbed in the structure, and amounted to 0.7 deg. F. per hr. The
tests indicated that a comparatively large plant would be required
to effect a rapid decrease in indoor air temperature.
In order to obtain comparative data on the reduction of tem-
peratures and relative humidities, a similar series of tests was made
in 1938 with the condensing unit operated at a capacity of 30 000
B.t.u. per hr. The operating characteristics for a typical day are
shown in Fig. 12. From 2 P.M. to 6:30 P.M. cool air was delivered
only to the rooms on the first story, and the temperature was main-
tained at approximately 79 deg. F. During this period the tem-
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Test No. 40, Series 3a-38, August 9, 1938. Capacity 30 000 B.t.u. per hr., cooled air to second
story after 6:30 P.M.
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FIG. 13. RATE OF COOLING OF SECOND STORY
perature on the second story rose to 83.3 deg. F. From 6:30 P.M.
to 9:40 P.M. cool air was distributed only to the rooms on the second
story, and the air temperature was reduced 4.8 deg. F. During this
same period the relative humidity on the second story was reduced
from 66 per cent to 51 per cent, and the effective temperature was
reduced from 78.6 deg. to 73.0 deg.
The curves in Fig. 12 showing the rate of cooling on the second
story have been reproduced (curves No. 1) in Fig. 13, together with
similar curves from two other tests. The curves labeled No. 2 show
the results obtained when the temperature on the second story was
allowed to rise to 87 deg. F. before cooling was started. The broken-
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FIG. 14. GRAPHIC LOG OF TEMPERATURES AND HEAT FLOW FOR UNINSULATED
NORTH AND WEST WALL SECTIONS, AUGUST 13, 1937
line curves designated as No. 3 have been reproduced from the 1937
series of tests with the condensing unit operating at a capacity of
18 000 B.t.u. per hr.
It may be observed from curves Nos. 1 and 2 that the rate of
cooling on the second story as measured by the decrease in dry-
bulb temperature, relative humidity, and effective temperature was
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practically the same for starting temperatures of 83.3 deg. F. and
87.0 deg. F. However, this increase in the temperature at which
cooling was started lengthened the time required to lower the tem-
perature on the second story to 80 deg. F., resulting in a total time
of 5%• hours instead of 114 hours. Assuming that it is desirable to
cool the second story to 80 deg. F. in not more than 3 hours, the
maximum allowable temperature at the beginning of the period
should not exceed 85 deg. F. with a condensing unit operating at a
capacity of 30 000 B.t.u. per hr. For initial air temperatures ex-
ceeding 85 deg. F. a larger-capacity plant would be required.
When the condensing unit was operated at a capacity of 18 000
B.t.u. per hr. (curves No. 3) the temperature on the second story
was reduced 4.0 deg. F. in the first three hours, indicating that this
capacity was sufficient when the starting temperature did not ex-
ceed 84 deg. F. The relative humidities during this period were
higher than those maintained when the large-capacity plant was
operating, which in turn was reflected in higher effective tempera-
tures. In general, the curves in Fig. 13 indicate that an increase
in the capacity of the condensing unit from 18 000 to 30 000 B.t.u.
per hr. did not materially increase the rate of cooling on the second
story during the first hour of operation, but did decrease the total
time required to reach a predetermined temperature.
23. Summary and Conclusions.-The following summary and con-
clusions apply to the Research Residence and the conditions under
which the tests were conducted:
(1) In the case of the Research Residence, satisfactory cooling
on both stories was accomplished by the introduction of cooled air
on the second story only. The application of this principle in general
may be limited by the arrangement of the first story, particularly
with respect to the location of the return air grilles, and the location
of rooms remote from the stairway.
(2) By introducing air on the second story only and increasing
the capacity of the condensing unit from 18 000 to 30 000 B.t.u.
per hr., the time required for cooling the second story from 83.5
deg. F. to 80 deg. F. was reduced from approximately 21 hours
to 114 hours.
VII. RESULTS OF STUDIES ON HEAT FLOW THROUGH WALLS
24. General Conditions.-The data obtained from the two heat-
flow meter installations over an extended period in each season were
plotted on continuous charts, and these charts were used as a basis
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for the analysis of results. A typical section from the chart obtained
for the uninsulated north and west walls during the season of 1937
is shown in Fig. 14. A similar chart comparing the results obtained
from the uninsulated west wall in 1937, and from this same wall
after it had been insulated in 1938, is shown in Fig. 15. In both
Figs. 14 and 15 the upper and lower sets of curves represent ob-
served temperatures in the respective walls indicated, while the
middle set of curves represents the actual amount of heat passing
through the inner surface of the two walls as obtained from the
reading of the heat-flow meters. These meters were located one on
each wall, directly below the thermocouples installed to obtain the
temperature gradient through the wall. It is evident that the tem-
peratures were continually changing, and that constant conditions
were never attained. This cyclical variation both in the tempera-
tures and in the direction of heat flow does not conform with the
assumption of steady flow, which is invariably made in the calcula-
tion of heat losses or gains under given conditions of sun effect and
temperature difference between the indoors and outdoors.
It may be observed that there existed an appreciable interval
between the time at which the outdoor air temperature attained a
maximum value and that at which the indoor air temperature reached
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FIG. 17. HEAT FLOW THROUGH UNINSULATED NORTH AND WEST WALL
SECTIONS, AUGUST 13, 1937
a maximum. In order to obtain the average values of the times at
which various parts of the uninsulated wall sections attained their
maximum temperatures the data obtained from the 29 days in 1937
were averaged, and the results are shown in Fig. 16. The values
for the west wall, which was exposed to the sun, were not appreciably
different from those for the north wall, which was not exposed to
the sun. The lag between the times at which the outdoor air tem-
perature was a maximum and the indoor air temperature was a
maximum was approximately 2.5 hours. Also, the lag between the
times at which the outdoor surface temperature reached a maxi-
mum and the indoor surface temperature attained a maximum was
approximately two hours. The latter lag is more representative of
the lag in rate of heat flow through the wall. It may also be observed
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from Fig. 15 that, in the case of the uninsulated wall, the lag in-
dicated by the surface temperatures was approximately 1.5 hours.
The lag indicated in the same manner for the insulated wall was
approximately 3 hours, or a difference of 1.5 hours between the lags
for the insulated and the uninsulated walls. The difference between
the times at which the rate of heat flow attained a maximum, shown
by the heat-flow meter readings in the two cases, was approximately
four hours. Owing to the fact that the heat-flow meters were more
responsive to changes in indoor air temperatures than were the wall
surface temperatures, good correlation could not be obtained between
the readings of the meters and the difference in wall surface tem-
peratures. It is possible, therefore, that the true difference in lags
between the insulated and the uninsulated walls is somewhere be-
tween the 1.5 hours and the 4 hours obtained by the two methods
and is probably of the order of 2 hours.
25. Heat Transmission Through Uninsulated Wall Section.-Pre-
liminary calculations of the conductance of the wall section, as
determined from actual measurements of the surface temperatures
and the rate of heat flow through the heat-flow meters, gave results
that were materially less than the values obtained for similar walls
for laboratory determinations under conditions of steady flow. This
indicated either that the conductance value determined from labo-
ratory investigations was in error, or that conditions of steady flow
were not obtained in the actual wall exposed to normal temperature
variations. The former supposition is not tenable, whereas the latter
condition was actually known to exist.
This discrepancy between the measured and the calculated values
of the rate of heat flow through the wall is illustrated by the curves
in Fig. 17. The calculated values were determined from the fol-
lowing equation:*
UeI
H = - + U(to - ti), in which
fo
H = heat transmitted through wall in B.t.u. per sq. ft. per hr.
U = overall coefficient of heat transmission, in B.t.u. per sq.
ft. per hr. per deg. F. difference in temperature, from
air to air
e = coefficient of absorption of solar radiation, (0.40 for
weathered white paint)
*Univ. of Ill. Eng. Exp. Sta. Bul. 305. Appendix A, "Method Used for Calculation of Cooling
Load." pp. 80-83.
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I = solar intensity normal to the surface, in B.t.u. per sq.
ft. per hr.
f = outside surface coefficient, B.t.u. per sq. ft. per hr. per
deg. F. difference in temperature between the surface
and the air
to = outdoor air temperature, in deg. F.
ti = indoor air temperature, in deg. F.
Figure 17 shows that the maximum calculated rate of heat flow
through the west wall was equal to 6.3 B.t.u. per sq. ft. per hr.,
and occurred at 4 P.M.; whereas the maximum rate of heat flow into
the room, as measured by the heat-flow meter, was 3.9 B.t.u. per
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sq. ft. per hr., and occurred at 6 P.M. The time lag between these
maximum values was 2 hrs.
It was observed in these studies that at certain times of the day
the temperatures in the studding space were higher than those of
both the indoor and outdoor surfaces of the wall. That is, under
these conditions the heat flow in the wall was occurring simul-
taneously to the outdoors and to the indoors. The calculated values
of heat transmission are of little significance under such conditions;
the significant values being given by the heat-flow meter, which, on
account of its location on the inside surface of the wall, measures
the actual rate of heat flow into the room.
During periods when the outdoor air temperature was increasing,
the temperature of the material comprising the wall structure was
usually also increasing. As explained in Engineering Experiment
Station Bulletin No. 305, the total amount of heat impressed on
the wall appears not only as heat passing through the heat-flow
meter, but also as heat which tends to increase the temperature of
the wall structure; and it is possible that the discrepancy between
the maximum values shown in Fig. 17 was caused by the influence
of the latter factor resulting directly from unsteady flow conditions.
It is also possible that the presence of the heat-flow meter itself
may have had a disturbing effect. It is evident, however, that, in
walls of the type tested, the lack of constant conditions results in
changes in the amount of heat absorbed or given up by the structure,
and affects the amount of heat transmitted through the wall; so
that the calculated values of the heat flowing through the wall at
any given time, when used as an index of the heat actually trans-
mitted to the air in the structure, are not only meaningless, but may
also be misleading. Furthermore, under summer conditions, the
maximum amount of heat transmitted through the inside surface
of the wall into the inside of the structure may be less than the
maximum heat flow through the wall as calculated from the indoor
and outdoor conditions.
26. Heat Transmission Through Insulated Wall Section.-The two
intermediate curves in Fig. 15 show the actual rates of heat flow
through the inside surface of the uninsulated and the insulated
walls, as indicated by the readings of the heat-flow meter. The
maximum values of the actual rates of heat flow into the room, as
measured by the heat-flow meter, were 5.30 and 1.05 B.t.u. per sq.
ft. per hr. for the uninsulated and the insulated walls, respectively.
The total amount of heat per sq. ft. transmitted into the room during
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a 24 hour period was obtained by integrating the area included be-
tween the curves of heat flow and the zero line. The values were
27.74 B.t.u. per sq. ft. for the uninsulated wall and 9.55 B.t.u. per
sq. ft. for the insulated wall. The curves shown in Fig. 18 represent
average conditions based on data obtained over a wide range of
weather conditions. Hence ratios based on these curves are more
representative than similar ratios based on the individual days shown
in Fig. 15. Both the data for the maximum rate of heat trans-
mission and the total heat transmitted per sq. ft. per day obtained
from the readings of the heat-flow meter were plotted against the
maximum value of the temperature of the outdoor surface of the
wall. For a comparatively hot day, in which the maximum surface
temperature on the west wall was 130 deg. F., the ratio of the maxi-
mum rates of heat transmission for the uninsulated and the insulated
walls was approximately 4 to 1, as compared with a ratio of 6 to 1
based on the calculated coefficients of heat transmission. The curves
for total heat transmitted per sq. ft. through the west wall per day,
as shown in the lower part of Fig. 18, indicate that the ratio of the
total heats transmitted through the uninsulated and the insulated
walls for a hot day was approximately 2 to 1. In both cases for a
milder day, in which the maximum surface temperature was less
than 130 deg. F., the ratios were smaller.
From a practical standpoint the curves indicate that the applica-
tion of a substantial amount of insulation reduces the maximum
heat flow through the walls by an amount only two thirds of that
indicated by the ratio of the calculated coefficients of heat trans-
mission for the walls. However, the use of insulation delays the
time at which the heat input reaches a maximum value several hours
beyond the time at which the design calculations of heat gain are
generally made. Since the calculations of heat gain from a structure
are based on maximum considerations, the fact that the maximum
heat flow through an insulated wall occurs so much later than other
maximum conditions indicates that some reconsideration of the
methods employed in calculating heat gains in such structures may
be advisable. In any event, the ratio of the maximum heat trans-
mitted through the walls per sq. ft. per hr. has direct bearing on the
relative sizes of plants required for structures with uninsulated walls
and those with insulated walls. On the other hand, the ratio of
total heat transmitted through the walls per sq. ft. per day has
direct bearing on the relative costs of operation, once the proper
sizes of plants have been selected. The results indicate that the
apparent reduction in the maximum rate of heat flow through walls
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alone, as calculated from the coefficients of heat transmission, would
be %, or 83.3 per cent, while the actual reduction would be 3Y, or
75.0 per cent. That is, the actual reduction would be 90.0 per cent
of the apparent reduction. Hence, if the heat gain through walls
was 25 per cent of the total heat gain for the structure, the actual
reduction in heat loss, and therefore the permissible reduction in
plant size, to be effected by the use of insulation would be approxi-
mately 97 per cent of that calculated from the coefficients of heat
transmission. In the case of the total heat transmitted daily through
the walls the apparent reduction would again be %, or 83.3 per cent,
but the actual reduction would be 12, or 50 per cent, and the actual
reduction would be 60 per cent of the apparent. In this case, if the
heat gain through walls represented 25 per cent of the total heat
gain for the structure, the actual reduction in daily heat gain, and
hence the reduction in operating cost, would be approximately 90
per cent of the apparent reduction as calculated from the coefficients
of heat transmission. These results further indicate the necessity
for additional investigation, probably under laboratory conditions,
of the heat flow through walls as affected by cyclic variations in
temperature on one or both sides.
27. Temperature Gradients Through Walls.-The comfort condi-
tions maintained in a given space are dependent not only on the
temperature and humidity of the air, but also on the surface tem-
peratures of the walls, to which the occupants are exposed. It may
be observed from the curves labelled No. 2 in Fig. 15 that the inside
surface temperatures of the exposed wall varied from hour to hour.
For the purpose of comparison, temperatures taken from Fig. 15
have been replotted and shown as temperature gradients through
the walls in Fig. 19. These temperature gradients indicate that the
inside surface temperature of the uninsulated wall attained a maxi-
mum value of 86 deg. F., while that for the insulated wall attained
a maximum value of only 81 deg. F., as compared with an indoor
air temperature of approximately 78 deg. F. in both cases. Hence,
with the same indoor air temperature, the insulated wall provided
conditions which were more suitable for comfort.
The temperature gradients for both the uninsulated and the in-
sulated walls indicate that at certain times of the day the tempera-
tures in the studding space were higher than those of both the indoor
and the outdoor surfaces of the wall. That is, under these condi-
tions the heat flow in the wall was occurring simultaneously to the
outdoors and to the indoors. It may also be observed from a study
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FIG. 19. TEMPERATURE GRADIENTS THROUGH UNINSULATED AND INSULATED WALL
SECTIONS AT DIFFERENT TIMES OF THE DAY; WEST WALL,
SEASONS OF 1937 AND 1938
of the readings of thermocouples Nos. 3 and 4, that, following a
day on which the maximum outdoor temperature adjacent to the
wall surface reached 100 deg. F., the temperatures in the studding
space were definitely reduced to a temperature approximating that
of the indoor air by 2 A.M. Hence, apparently there was no material
storage of heat in the insulation to be carried over to the following
day and to become cumulative in the case of a succession of hot days.
28. Summary and Conclusions.-The following summary and con-
clusions apply to the Research Residence and the conditions under
which the tests were conducted:
(1) The studies made with heat-flow meters applied to the walls
indicated that constant conditions, or those of steady flow, were
never attained in the wall section under summer service conditions.
Hence, considerable discrepancy existed between the measured rate
of heat flow and the rate calculated from the coefficients of heat
transmission and the difference between the temperatures of the air
on the two sides.
(2) In the case of the uninsulated wall the average time lag
between the attainment of maximum outdoor surface temperature
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and maximum indoor surface temperature was approximately 2 hours.
In the case of the insulated wall this time lag was approximately
3 to 4 hours.
(3) The application of insulation to a frame wall materially re-
duced the maximum hourly heat flow and the total heat flow through
the wall per day. However, the reduction in both the maximum and
total heat flow was less than that indicated by the ratio of the
calculated coefficients of heat transmission of the uninsulated and
the insulated walls.
(4) The application of insulation reduced the temperature of the
inside wall surface, thus resulting in conditions more conducive to
comfort for a given air temperature than those produced by the
uninsulated wall.
(5) The insulated wall cooled to a temperature approximating
that of the indoor air by 2 A.M., thus indicating that there was no
material storage of heat in the insulation to be carried over to the
following day, and to become cumulative in the case of a succession
of hot days.
VIII. AIR QUANTITIES AS RELATED TO REGISTER
AIR TEMPERATURES
29. Calculation of Air Quantities.-In both winter heating and
summer cooling the air volume requirements are dependent on the
register air temperature. Hence, either one of these may be selected
as a working base, but both cannot be selected arbitrarily. In the
case of winter heating the heat loss from the house must be offset
by the heat given up by the air circulated, and the relation between
the air volume and the register air temperature is given in the fol-
lowing equation:
H = 60 X 0.24 X Q X dX (t, - t
,
) (1)
in which H = heat loss from structure, in B.t.u. per hr.
Q = air quantity, in cu. ft. per min.
d = air density, in lb. per cu. ft., at the temperature t,
t, = temperature of incoming air leaving the registers, in deg. F.
t, = temperature of outgoing air entering the return grille, in
deg. F.
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FIG. 20. COEFFICIENTS FOR CALCULATION OF AIR VOLUME FOR WINTER REQUIREMENTS
60 = number of minutes in an hour
0.24 = average value of specific heat of air, in B.t.u. per lb.
From Equation (1),
60 X 0.24 X d X (tr - t
,
)
For a given barometric pressure the density is dependent only on
the register air temperature, and if any constant value is selected for
the temperature of the air entering the return grille, Equation (2)
can be simplified and written:
Q=CXH
in which the coefficient, C, is equal to 60 X 0.2. In
60 X 0.24 X d X (tr - t)
winter heating the average temperature at which the air enters the
return grille is approximately 65 deg. F. A curve for the coefficient,
C, based on a barometric pressure of 29.92 in. of mercury, and on a
temperature of 65 deg. F. at the return grille is shown in Fig. 20,
from which, for any given register air temperature, the air require-
ments can be found by making use of Equation (3).
In the case of summer cooling the temperature of the air at the
return grille is higher than that leaving the registers. Furthermore,
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the air volume requirements are based only on the sensible heat
gain, H,. Equation (1) should, therefore, be written
H, = 60 X 0.24 X Q X d (t, - t,) (4)
A coefficient, C,, similar to the coefficient C can be derived. The
values of this coefficient, C,, based on a barometric pressure of 29.92
in. of mercury and on a temperature of 78 deg. F. at the return
grille, which is representative of summer conditions, are shown in
Fig. 21. The air volume requirements for summer cooling can be
found by using the coefficient C, in connection with equation
Q = C, X H, (5)
30. Relationship Between Air Quantities for Summer and Winter
Requirements.-It is often desirable to use a forced-air heating plant
for both winter heating and summer cooling. In the design of such
a plant, in which the same air distribution system is used for both
seasons, it is necessary to make some compromise in order to insure
the proper amount of air delivery for each season, or, if possible, to
design the plant so that the air requirements are the same for both
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seasons. A study was therefore made to determine the limiting
conditions under which a plant could be designed to operate with
the same air quantity in both winter and summer, and to determine
what compromises must be made if these conditions could not be
fulfilled.
The important factors affecting the design of a dual purpose
plant consist of the ratio of the summer heat gain to the winter heat
loss and the temperatures to be selected for the air leaving the
registers. The relation between the air volume requirements, the
register air temperatures, and the heat losses and gains for a typical
house in which the basic winter heat loss is 100 000 B.t.u. per hr.
are shown in Fig. 22. These curves were derived from Figs. 20 and
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21 and represent a range of conditions under which the summer heat
gain varies from 0.1 to 0.5 of the winter heat loss.
From the curve in Fig. 22, based on a winter heat loss of 100 000
B.t.u. per hr., it is apparent that an average register air tempera-
ture of 120 deg. F. will be accompanied by an air volume require-
ment of 1830 cu. ft. per min., whereas a register air temperature of
140 deg. F. will be accompanied by a requirement of 1390 cu. ft.
per min. That is, in the case of winter heating the selection of a
lower temperature of the register air results in a larger air volume
circulation. The converse is true for summer cooling. In the latter
case the heat gain in the average structure is approximately V of
the heat loss under winter conditions. From the curve based on a
summer heat gain of 30 000 B.t.u. per hr. it may be noted that a
register air temperature of 62.8 deg. F. will be accompanied by an
air volume requirement of 1830 cu. ft. per min., whereas a register
air temperature of 58.2 deg. F. corresponds to a requirement of
1390 cu. ft. per min. A structure having a larger summer heat gain
will require correspondingly larger air volumes.
From these examples it may be observed that, for a given struc-
ture in which the winter heat loss is 100 000 B.t.u. per hr., and
the summer heat gain is 30 000 B.t.u. per hr., the same air circula-
tion of 1830 cu. ft. per min. would be possible only if the design
values for the register temperatures were 120 deg. F. and 62.8 deg. F.
for winter and summer, respectively. Similarly for a circulation of
air in summer and winter of 1390 cu. ft. per min., register air tem-
peratures of 140 deg. F. for winter and 58.2 deg. F. for summer
would be required. Similar combinations could be found for the
whole range of values shown in Fig. 22. By this procedure Fig. 23
was derived, giving the relations that must exist between the summer
register air temperatures, the winter register air temperatures, and
the ratios of the summer heat gain to the winter heat loss, if the
same air volume is to be used in both summer and winter. In the
case of winter heating the minimum practical register air tempera-
ture for residence service may be considered as approximately 110
deg. F., while the maximum may be considered as 160 deg. F. The
range of practical register air temperatures for design of summer
cooling plants is much smaller, and may be considered as lying be-
tween 60 deg. F. and 75 deg. F. In this connection it should be
noted that a register air temperature of 60 deg. F. is attainable only
if the temperature of the cooling coil is substantially less than 60
deg. F. The cross-hatched area in Fig. 23 includes all combinations
of winter and summer register temperatures that are practical for
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FIG. 23. SUMMER AND WINTER REGISTER AIR TEMPERATURES WITH EQUAL
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design. Almost the entire curves representing summer heat gains of
40 000 and 50 000 B.t.u. per hr. lie outside the practical range of
register air temperatures. Hence, for structures in which the ratio
of summer heat gain to winter heat loss is greater than 0.4 it is almost
impossible to obtain the register air temperatures required to satisfy
the conditions if the same volume of air is to be circulated both
seasons. If, however, the given structure can be protected by
awnings or similar appurtenances to such an extent that the ratio
of the summer heat gain to the winter heat loss is less than 0.3,
some combination of winter and summer register temperatures can
be selected that is suitable for both seasons. In general, if relatively
small air volumes are desired, a relatively low register temperature
for summer cooling must be used. In most cases the additional
resistance of the cooling coil will result in larger resistances to air
flow under summer conditions than under winter conditions. Hence
it will probably be necessary to select a fan which is capable of
delivering the air against the higher resistance in summer and to
make adjustments, either in the fan speed, or by means of dampers,
to permit the delivery of the same quantity of air against the lower
resistance in winter. The curves in Figs. 22 and 23 have been
I
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applied to the structure as a whole and the total air quantities in-
volved. In general, similar relations exist for the individual rooms
and the air quantities required for these rooms. However, the figure
representing the ratio of heat gain to heat loss for the structure as
a whole may not strictly apply to each individual room. In this
case it may be found that even if the proper relationship between
register air temperatures and total air quantities is obtained in the
design of the plant, readjustments in the air quantities to the indi-
vidual rooms may be necessary in order to obtain the proper dis-
tribution of heating or cooling between the individual rooms when
the plant is put into operation.

APPENDIX
DATA AND RESULTS FOR TESTS MADE DURING
SUMMERS OF 1937 AND 1938
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RECENT PUBLICATIONS OF
THE ENGINEERING EXPERIMENT STATIONf
Bulletin No. 289. The Use of an Elbow in a Pipe Line for Determining the Rate
of Flow in the Pipe, by Wallace M. Lansford. 1936. Forty cents.
Bulletin No. 290. Investigation of Summer Cooling in the Warm-Air Heating
Research Residence, by Alonzo P. Kratz, Maurice K. Fahnestock, and Seichi Konzo.
1937. One dollar.
Bulletin No. 291. Flexural Vibrations of Piezoelectric Quartz Bars and Plates,
by J. Tykocinski Tykociner and Marion W. Woodruff. 1937. Forty cents.
Reprint No. 10. Heat Transfer in Evaporation and Condensation, by Max
Jakob. 1937. Thirty-five cents.
Circular No. 28. An Investigation of Student Study Lighting, by John O.
Kraehenbuehl. 1937. Forty cents.
Circular No. 29. Problems in Building Illumination, by John O. Kraehenbuehl.
1937. Thirty-five cents.
Bulletin No. 292. Tests of Steel Columns; Thin Cylindrical Shells; Laced
Channels; Angles, by Wilbur M. Wilson. 1937. Fifty cents.
Bulletin No. 293. The Combined Effect of Corrosion and Stress Concentration
at Holes and Fillets in Steel Specimens Subjected to Reversed Torsional Stresses,
by Thomas J. Dolan. 1937. Fifty cents.
Bulletin No. 294. Tests of Strength Properties of Chilled Car Wheels, by
Frank E. Richart, Rex L. Brown, and Paul G. Jones. 1937. Eighty-five cents.
Bulletin No. 295. Tests of Thin Hemispherical Shells Subjected to Internal
Hydrostatic Pressure, by Wilbur M. Wilson and Joseph Marin. 1937. Thirty cents.
Circular No. 30. Papers Presented at the Twenty-fourth Annual Conference on
Highway Engineering, Held at the University of Illinois, March 3-5, 1937. 1937.
None available.
Reprint No. 11. Third Progress Report of the Joint Investigation of Fissures
in Railroad Rails, by H. F. Moore. 1937. Fifteen cents.
Bulletin No. 296. Magnitude and Frequency of Floods on Illinois Streams, by
George W. Pickels. 1937. Seventy cents.
Bulletin No. 297. Ventilation Characteristics of Some Illinois Mines, by Cloyde
M. Smith. 1937. Seventy cents.
Bulletin No. 298. Resistance to Heat Checking of Chilled Iron Car Wheels,
and Strains Developed Under Long-Continued Application of Brake Shoes, by
Edward C. Schmidt and Herman J. Schrader. 1937. Fifty-five cents.
Bulletin No. 299. Solution of Electrical Networks by Successive Approxima-
tions, by Laurence L. Smith. 1937. Forty-five cents.
Circular No. 31. Papers Presented at the Short Course in Coal Utilization,
Held at the University of Illinois, May 25-27, 1937. 1938. None available.
Bulletin No. 300. Pressure Losses Resulting from Changes in Cross-Sectional
Area in Air Ducts, by Alonzo P. Kratz and Julian R. Fellows. 1938. Sixty-five cents.
Bulletin No. 301. The Friction of Railway Brake Shoes at High Speed and High
Pressure, by Herman J. Schrader. 1938. Sixty cents.
Bulletin No. 302. Fatigue Tests of Riveted Joints, by Wilbur M. Wilson and
Frank P. Thomas. 1938. One dollar.
Circular No. 32. Two Investigations on Transit Instruments, by William H.
Rayner. 1938. Twenty-five cents.
Circular No. 33. Papers Presented at the Twenty-fifth Annual Conference on
Highway Engineering, Held at the University of Illinois, March 2-4, 1938. 1938.
None available.
Bulletin No. 303. Solutions for Certain Rectangular Slabs Continuous Over
Flexible Supports, by Vernon P. Jensen. 1938. One dollar.
Bulletin No. 304. A Distribution Procedure for the Analysis of Slabs Continuous
Over Flexible Beams, by Nathan M. Newmark. 1938. One dollar.
Circular No. 34. The Chemical Engineering Unit Process-Oxidation, by
Donald B. Keyes. 1938. Fifty cents.
tCopies of the complete list of publications can be obtained without charge by addressing the
Engineering Experiment Station, Urbana, Ill.
ILLINOIS ENGINEERING EXPERIMENT STATION
Circular No. 35. Factors Involved in Plate Efficiencies for Fractionating
Columns, by Donald B. Keyes. 1938. Twenty cents.
Bulletin No. 305. Summer Cooling in the Warm-Air Heating Research Resi-
dence with Cold Water, by Alonzo P. Kratz, Seichi Konzo, Maurice K. Fahnestock
and Edwin L. Broderick. 1938. Ninety cents.
Bulletin No. 306. Investigation of Creep and Fracture of Lead and Lead Alloys
for Cable Sheathing, by Herbert F. Moore, Bernard B. Betty, and Curtis W. Dollins.
1938. One dollar.
Reprint No. 12. Fourth Progress Report of the Joint Investigation of Fissures
in Railroad Rails, by H. F. Moore. 1938. None available.
Bulletin No. 307. An Investigation of Rigid Frame Bridges: Part I, Tests of
Reinforced Concrete Knee Frames and Bakelite Models, by Frank E. Richart,
Thomas J. Dolan, and Tilford A. Olson. 1938. Fifty cents.
Bulletin No. 308. An Investigation of Rigid Frame Bridges: Part II, Labora-
tory Tests of Reinforced Concrete Rigid Frame Bridges, by W. M. Wilson, R. W.
Kluge, and J. V. Coombe. 1938. Eighty-five cents.
Bulletin No. 309. The Effects of Errors or Variations in the Arbitrary Con-
stants of Simultaneous Equations, by George H. Dell. 1938. Sixty cents.
Bulletin No. 310. Fatigue Tests of Butt Welds in Structural Steel Plates, by
W. M. Wilson and A. B. Wilder. 1939. Sixty-five cents.
Bulletin No. 311. The Surface Tensions of Molten Glass, by Cullen W.
Parmelee, Kenneth C. Lyon, and Cameron G. Harman. 1939. Fifty-five cents.
Bulletin No. 312. An Investigation of Wrought Steel Railway Car Wheels:
Part I, Tests of Strength Properties of Wrought Steel Car Wheels, by Thomas J.
Dolan and Rex L. Brown. 1939. Seventy cents.
Circular No. 36. A Survey of Sulphur Dioxide Pollution in Chicago and
Vicinity, by Alamjit D. Singh. 1939. Forty cents.
Circular No. 87. Papers Presented at the Second Conference on Air Condition-
ing, Held at the University of Illinois, March 8-9, 1939. 1939. Fifty cents.
Circular No. 38. Papers Presented at the Twenty-sixth Annual Conference on
Highway Engineering, Held at the University of Illinois, March 1-3, 1939. 1939.
Fifty cents.
Bulletin No. 313. Tests of Plaster-Model Slabs Subjected to Concentrated
Loads, by Nathan M. Newmark and Henry A. Lepper, Jr. 1939. Sixty cents.
Bulletin No. 314. Tests of Reinforced Concrete Slabs Subjected to Concen-
trated Loads, by Frank E. Richart and Ralph W. Kluge. 1939. Eighty cents.
Bulletin No. 315. Moments in Simple Span Bridge Slabs with Stiffened Edges,
by Vernon P. Jensen. 1939. One dollar.
*Bulletin No. 316. The Effect of Range of Stress on the Torsional Fatigue
Strength of Steel, by James O. Smith. 1939. Forty-five cents.
*Bulletin No. 317. Fatigue Tests of Connection Angles, by Wilbur M. Wilson
and John V. Coombe. 1939. Thirty-five cents.
Reprint No. 13. First Progress Report of the Joint Investigation of Continuous
Welded Rail, by H. F. Moore. 1939. Fifteen cents.
Reprint No. 14. Fifth Progress Report of the Joint Investigation of Fissures in
Railroad Rails, by H. F. Moore. 1939. Fifteen cents.
Circular No. 39. Papers Presented at the Fifth Short Course in Coal Utiliza-
tion, Held at the University of Illinois, May 23-25, 1939. 1939. Fifty cents.
Reprint No. 15. Stress, Strain, and Structural Damage, by H. F. Moore.
1939. Fifteen cents.
*Bulletin No. 318. Investigation of Oil-fired Forced-air Furnace Systems in
the Research Residence, by A. P. Kratz and S. Konzo. 1939. Ninety cents.
*Bulletin No. 319. Laminar Flow of Sludges in Pipes with Special Reference to
Sewage Sludge, by Harold E. Babbitt and David H. Caldwell. 1939. Sixty-five cents.
*Bulletin No. 320. The Hardenability of Carburizing Steels, by Walter H.
Bruckner. 1939. Seventy cents.
*Bulletin No. 321. Summer Cooling in the Research Residence with a Con-
densing Unit Operated at Two Capacities, by A. P. Kratz, S. Konzo, M. K. Fahne-
stock, and E. L. Broderick. 1940. Seventy cents.
*Circular No. 40. German-English Glossary for Civil Engineering, by A. A.
Brielmaier. 1940. Fifty cents.
*A limited number of copies of bulletins starred are available for free distribution.
UNIVERSITY OF ILLINOIS
Colleges and Schools at Urbana
COLLEGE OF LIBERAL ARTS AND ScIENCES.-General curriculum with majors in the hu-
manities and sciences; specialized curricula in chemistry and chemical engineering;
general courses preparatory to the study of law and journalism; pre-professional
training in medicine, dentistry, and pharmacy.
COLLEGE OF COMMERCE AND BUSINESS ADMINISTRATION.-Curricula in general business,
trade and civic secretarial service, banking and finance, insurance, accountancy,
transportation, commercial teaching, foreign commerce, industrial administration,
public utilities, and commerce and law.
COLLEGE OF ENGINEERING.-Curricula in agricultural engineering, ceramics, ceramic en-
gineering, chemical engineering, civil engineering, electrical engineering, engineer-
ing physics, general engineering, mechanical engineering, metallurgical engineering,
mining engineering, and railway engineering.
COLLEGE OF AGRICULTURE.-Curricula in agriculture, floriculture, general home econom-
ics, and nutrition and dietetics.
COLLEGE OF EDUCATION.-Curricula in education, agricultural education, home econom-
ics education, and industrial education. The University High School is the practice
school of the College of Education.
COLLEGE OF FINE AND APPLIED ARTS.-Curricula in architecture, art, landscape architec-
ture, and music.
COLLEGE OF LAW.-Professional curriculum in law.
SCHOOL OF JOURNALISM.-General and special curricula in journalism.
SCHOOL OF PHYSICAL EDUCATION.-Curricula in physical education for men and for
women.
LIBRARY SCHOOL.-Curriculum in library science.
GRADUATE SCHooL-Advanced study and research.
Summer Session.-Courses for undergraduate and graduate students.
University Extension Division.-Courses taught by correspondence, extramural courses,
speech aids service, and visual aids service.
Colleges in Chicago
COLLEGE OF MEDICINE-Professional curriculum in medicine.
COLLEGE OF DENTISTRY.-Professional curriculum in dentistry.
COLLEGE OF PHARMACY.-Professional curriculum in pharmacy.
University Experiment Stations, and Research and
Service Organizations at Urbana
AGRICULTURAL EXPERIMENT STATION BUREAU OF BUSINESS RESEARCH
ENGINEERING EXPERIMENT STATION BUREAU OF COMMUNITY PLANNING
EXTENSION SERVICE IN AGRICULTURE BUREAU OF EDUCATIONAL RESEARCH
AND HOME ECONOMICS BUREAU OF INSTITUTIONAL RESEARCH
RADIO STATION (WILL) UNIVERSITY OF ILLINOIS PRESS
State Scientific Surveys and Other Divisions at Urbana
STATE GEOLOGICAL SURVEY STATE DIAGNOSTIC LABORATORY (for
STATE NATURAL HISTORY SURVEY Animal Pathology)
STATE WATER SURVEY U. S. SOYBEAN PRODUCTS LABORATORY
For general catalog of the University, special circulars, and other information, address
THE REGISTRAR, UNIVERSITY OF ILLINOIS
URBANA, ILLINOIS
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